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Section I 
Introduction 


This report describes the activities and findings conducted under contract NAS 1-19858-93 
with NASA Langley Research Center. Subject matter is the investigation of suitable multivariable 
flight control design methodologies and solutions for large, flexible high-speed vehicles. 
Specifically, methodologies are to address the inner control loops used for stabilization and 
augmentation of a highly coupled airframe system possibly involving rigid-body motion, structural 
vibrations, unsteady aerodynamics, and actuator dynamics. The flight control strategies must 
address basic specifications/requirements, 1 ’ 2 or clearly display the design tradeoffs to the flight 
control engineer. Design and analysis techniques considered in this body of work are both 
conventional-based 3 and contemporary-based. 4 - 5 The conventional-based schemes facilitate 
understanding into the "physics" and lead to simple, effective solutions that go a long way in 
implementation of a multiply redundant architecture requiring scheduling with flight condition and 
modification during test and development. On the other hand, the contemporary-based schemes 
provide powerful, efficient tools for closing multiple feedback loops in an integrated framework 
and allow assessment of the upper limits of achievable closed-loop stability and performance. 

The vehicle of interest is the High-Speed Civil Transport (HSCT). 6 - 7 This vehicle is 
projected to have a pitch divergence due to the relaxation of static stability at subsonic speeds. 
Further, significant interaction between rigid-body and aeroelastic degrees of freedom is expected. 
Characteristics of this sort will, by necessity, require a set of initial feedback loops to correct for 
these deficiencies and bring the closed-loop vehicle system back to a level which is acceptable to 
the pilot and passengers. Functions of this inner loop flight control system (FCS) for HSCT will 
be to 1) artificially supply the stability inherently lacking in the airframe, 2) augment the key 
pilot/passenger centered responses to obtain crisp, well damped behavior, and 3) suppress 
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aeroelastic motions in all responses, all with minimal FCS architecture. The objectives of the 
contract work are to explore the possibilities for such an inner loop FCS. 

This work is heavily dependent upon generation of representative airframe math models 
with the requisite fidelity, as well as modifications made to these math models representing 
hypothetical aerodynamic control surfaces. Section II presents two HSCT numerical models made 
available to the contractor. 8 ’ 9 The HSCT models were developed from a nonlinear simulation 
tool 10 ’ 11 at various stages in its development: Cycle 1 and Cycle 3.1a. Within this simulation tool, 
aerodynamic load predictions associated with structural vibration and unsteady aerodynamic 
coordinates are computed with the package Integrated Structures Aerodynamics and Controls 
(IS AC). 12 Comparisons of the HSCT models reveal good correlation for pitch rate and normal 
acceleration dynamics at several sensor locations when excited by elevator and stabilator inputs. In 
some sense, this result validates the current modeling process. More importantly, the correlations 
validate results and conclusions from previous flight control investigations. 13 Section II also 
describes the component build-up modeling procedure, and modifications made to the original 
stability and control derivatives, to represent effects from small aerodynamic vanes located on the 
forward fuselage. As will be shown, these vanes are crucial to the development of feasible inner 
loop FCS architectures. 

The contract Statement of Work (see Appendix A) consisted of three distinct tasks 
contributing to the overall objective. These tasks include investigations of 

1 . Control benefits derived from small forward aerodynamic control surfaces 
(Conventional Multi-Sensor/Multi-Surface design strategies utilizing forward vanes), 

2. Contemporary multivariable design strategies 

(Contemporary Multi-Sensor/Multi-Surface design strategies utilizing forward vanes), and 

3 . Controllability requirements for rigid and elastic responses 
(Sizing requirements for forward vanes). 
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In addition, it was felt prudent to re-examine the Multi-Sensor/Single-Surface structural mode 
suppression logic utilized by John Wykes/North American Rockwell for the XB-70, in a final 
attempt to avoid use of forward vanes. 14 ' 15 These tasks are briefly outlined here before moving on 
to the dedicated chapters with detailed reporting of the activities. Due to limited resources and 
NASA/Industry program emphasis and scheduling, Task 2 was assigned low priority and 
postponed for future activities. This redistribution of effort does not imply contemporary 
techniques are of lesser importance, rather it reflects on current needs and realistic deliverables in 
the allotted contractual framework. 

Section HI describes the supplemental task of re-examining the Stability Augmentation 
System (SAS) and Structural Mode Control System (SMCS) logic utilized by John Wykes/North 
American Rockwell on the XB-70 program, in the context of HSCT. In the XB-70 program, 
significant strides were made in simultaneously suppressing aeroelastic vibrations and augmenting 
pitch characteristics with a single control input surface. If this success could be duplicated with 
HSCT, the need for configuration redesign with forward vanes would diminish. The Wykes 
control logic can be reinterpreted in the Multi-Sensor/Single-Surface framework previously 
considered in Ref. 13. In Ref. 13, studies utilized low pass/band pass and lag-lead/lead-lag 
blending filters with sensors located at 1 ,850 in and 2,500 in. The Wykes control law is 
equivalent to lag-lead/high pass blending of sensors located at 1,850 in and 3,460 in. When 
applied to HSCT, the Wykes control law is found to be unacceptable. The control logic 
destabilizes higher frequency aeroelastic modes due to neglected but significant mode slope terms 
and aerodynamic coupling terms. In addition, the lag-lead/high pass blending results in 
nonminimum phase characteristics which reduce the upper limit of usable loop gain With this 
reduced upper limit, augmentation of pitch and aeroelastic dampings is restricted. Similar results 
were found in Ref. 13 for other Multi-Sensor/Single-Surface architectures. A Wykes SAS/SMCS 
control law with elevator only does not appear feasible for HSCT. 

Previous analysis and synthesis of conventional Single-Sensor/Single-Surface (SS/SS) and 
Multi-Sensor/Single-Surface (MS/SS) FCS using the elevator indicate unacceptable design trades 
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between necessary bandwidth for low frequency pitch handling qualities and necessary attenuation 
for aeroelastic stability margins, as well as an inability to control cockpit motions . 13 Multi- 
Sensor/Multi-Surface (MS/MS) FCS architectures utilizing the elevator and wing trailing edge 
surfaces have also been considered . 13 Results indicate the wing trailing edge devices are not 
appropriate for the aeroelastic suppression role. Section IV describes the first task of revisiting this 
conventional MS/MS architecture using the elevator and hypothetical forward vanes, in order to 
assess their control benefits. The new control surfaces provide an attractive solution to the noted 
problems. Forward vanes significantly enlarge the tight design box by allowing separate loops 
dedicated to aeroelastic suppression and pitch augmentation functions, and provide enhanced 
control of cockpit motions. A MS/MS FCS utilizing forward vanes is offered as a feasible, 
baseline architecture for the inner loops. This architecture is relatively simple and tractable, yet is 
capable of achieving high levels of stability and performance, as evaluated by a mixture of criteria 
and requirements commonly used within the flight dynamics and control community (although 
applicability to aeroelastic vehicles has not been fully established, in some cases). 

All analysis and synthesis utilizing the forward vanes are based upon the specific vane 
model described in Section II. This model represents a "first-cut" design based upon vane 
mounting location and vane-to-tail planform area ratios of other high-speed elastic vehicles. This 
specific vane may be undersized, or oversized, from such a preliminary assumption. Section V 
describes a vane sizing analysis that was undertaken to accomplish the third task. Analysis is 
based on closed-loop simulation results. The closed-loop design from Section IV is excited with 
both maneuver commands and atmospheric gusts, and the peak vane travel and rate activity are 
recorded. Based upon hardware travel limit and rate limit values, the necessary surface area to 
avoid saturation can be "reverse engineered" from the data. Surface area results can be scaled with 
input amplitude. Maneuver commands dominate the vane travel activity, while both maneuver 
commands and atmospheric gusts drive the peak rate activity. Large maneuver commands (such as 
go around, high alpha recovery, etc.) will most likely drive small vanes beyond the travel and rate 
limits. A critical design trade was uncovered in this study. The vane activity is approximately 
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halved with the elevator-to-vane crossfeed path absent from the baseline FCS in Section IV, but 
this signal path is necessary for crew station flying quality and ride quality performance. 
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Section II 

Aeroelastic Vehicle Modeling 


A . Model Description 

Modeling of highly integrated HSCT class vehicles requires the flight dynamics engineer to 
return to the governing fundamental principles of rigid-body motion, structural vibrations, 
unsteady aerodynamics, etc. Revisiting these principles allows the relevant features to enter the 
early stages of the modeling process. The resulting models accurately capture the contributions 
from each discipline to the overall dynamic behavior, as well as the interaction between the 
disciplines. Refs. 12 and 16-19 describe such a process leading to nonlinear models, from which 
linear models can be extracted for use in control system design. 

The linear models are represented in state space form as 

x = Ax + Bu + B'u + B^ii + B d d 
y = Cx+Du + D'u + D"ii + D d d 


In general, the state vector x consists of the rigid-body positions and velocities, generalized 
coordinates originating from the structural vibrations, and variables representing the unsteady 
aerodynamic degrees of freedom. Focusing on the longitudinal dynamics leads to 


x 


u w q 0 ...Tij. 


.Tlj. 




( 2 . 2 ) 


u - forward speed 

w - downward speed 

q - pitch rate 

0 - pitch angle 

t|j - generalized coordinate for i* aeroelastic mode 

Zj - i* unsteady aerodynamic state 


Control inputs are denoted by u where 

u = 


5$ 5 e 5y 


(2.3) 


5 S - stabilator deflection 
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5 e - elevator deflection 

5y - vane deflection 

§TEi _ 1 th w i n g trailing edge symnaetric deflection 

(TE1 is inboard most, TEA is outboard most) 

Further, disturbance inputs are denoted by d where 

d = w G (2.4) 

w G - vertical gust 


Finally, responses of interest y include measured pitch rates and vertical accelerations throughout 


the vehicle, 

y — | a z XS"‘ J 

q xs - pitch rate at structural axes location x s 

a z xs ' vertical acceleration at structural axes location x s 


(2.5) 


If unsteady aerodynamics are modeled, then surface deflection rates and accelerations 


become inputs leading to matrices B', B”, D', and D" as indicated in Eq. (2.1). To circumvent 
this noncausal behavior, and to model the actuation hardware dynamics, 3rd order actuator models 


are considered as a "front end" to the airframe model. Fig. 1 illustrates this feature with the 
elevator surface actuator. From Fig. 1, the elevator actuator model is 

5 e( s ) = sTp s 2 + 2£o S+ co 2 5 Ec00 

Si 


P 

C 

CD 




^E 

= 

^E 


^E 


^E 

= 




0 1 0 
0 0 1 
-pco 2 — (p2£co+co 2 ) -(p+2£cd) 


0 

0 

p(D 2 


>Ec 


100 
0 1 0 
00 1 


5 E 

^E 

^E 


( 2 . 6 ) 


- actuator first order break frequency 

- actuator second order damping 

- actuator second order natural frequency 

Note G(s) represents the airframe transfer function matrix. Generalizing for all actuator hardware, 


or 
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(2.7) 


*a = A a x a + B a u c 


u 

u 

ii 


leads to the overall airframe-actuator model 


X 


> 

>> 

X 


0 B d 


u c 

*a 


0 A a 

x a 

+ 

[b. o j 


d 


y= cc 


x 

X, 


0D r 


u,. 


A = BC a +B'C a +B"C a 
C = DC a +D'C a +D' , C a 


( 2 . 8 ) 



In keeping with traditional analysis techniques, an approximate von Karman turbulence 


filter 20 excited by noise n is utilized to generate stochastic disturbance gust velocities, or 

_ k(s+zj)(s+z 2 ) 

W ° 1 (s+Pi)(s+p 2 )(s+p 3 ) ^ ^ 


w 


0 1 0 

w 


0 

w 

= 

0 0 1 

w 

+ 

0 

w 


-(P 1 P 2 P 3 ) (P lP 2 + P 2 P 3 + P 3P 1 ) -(P1+P2+P3) 

w 


kziz 2 


(2.9) 
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w 

W G = |l (Z]+Z 2 )/Z]Z 2 1/ZjZ 2 J w 

w 

k = 1 . 246a WG [Vj/Lj 1/2 Zj = 0.3820 V T /L z 2 = 7.704 V-jTL 

Pi =0.4801 V x /L p 2 = 1.215 V t /L p 3 = 11.14 V x /L 
^wq " gust standard deviation 
L - gust characteristic length 
V T - total flight speed 

Fig. 2 illustrates this turbulence filter and its connection to the vehicle model. Generalizing the 
notation for the gust filter yields 



Figure 2. Overall Airframe-Gust Model 


Two numerical models of the type discussed here were made available by NASA Langley 
for the Ref. H HSCT. 8 > 9 The baseline configuration is shown in Fig. 3. The vehicle consists of a 
long slender fuselage with a highly swept cranked delta wing and conventional aft tail. Wing and 
tail placement, in relation to the operational range of mass centers, results in relaxed pitch stability 
at low speeds. The low aspect ratio plate-like wing structure leads to complex vibrational shapes 
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which do not resemble conventional modes of high-aspect ratio cantilevered surfaces. Note the 
forward crew station can be thought of as being cantilevered on the tip of a long elastic appendage. 

Appendix B describes one of the NASA Langley numerical models which reflects the most 
current data available to the flight controls team. The Ref. H Cycle 3.1a Simulation 1 1 was utilized 
for model development. Internally, the Cycle 3.1a tool relies upon the package known as 
Integrated Structures Aerodynamics and Controls (IS AC). 12 This model contains the full set of 
rigid-body states, as well as 17 aeroelastic modes. No unsteady aerodynamic coordinates or gust 
inputs are included in this model. The model was supplied as an overall airframe-actuator package. 
However, the actuation model was modified to match characteristics in the Appendix C model. 
The Appendix B model corresponds to the following flight condition. 


Source: 


NASA Langley (Appendix B) 


Trim Condition: Wings-Level, Level, Rectilinear Flight, Landing Approach Phase 


| h = 500 ft 


M = 0.24 


W = 384,862 lbf (M3A) 


Appendix C describes the other NASA Langley model. This model is essentially identical 
to the Appendix D model in Ref. 13, which was utilized heavily in previous flight control design 
studies. The only differences are 1) stability and control effects from forward vanes, 2) mode 
shape data covering the aft region of the airframe, 3) inclusion of the stabilator input, and 4) 
inclusion of vertical gust input. The model is an aggregate model fusing the forward speed degree 
of freedom stability and control derivatives from the rigid-body Ref. H Cycle 1 Simulation 10 with 
ISAC output data. At the time of construction, dynamic aeroelastic modeling capability was not 
available in the simulation tool. Due to the lack of a rigid-body forward speed degree of freedom 
in the ISAC models (i.e., essentially a short period approximation), manual fusion of the data was 
a necessary step. This procedure is discussed further in Section II-C of Ref. 13. The model 
includes 17 aeroelastic modes and 10 unsteady aerodynamic states. Also, the model was supplied 
as an overall airframe-actuator-gust package. The relevant flight condition data is listed below. 


Source: 


NASA Langley (Appendix C) 


Trim Condition: Wings-Level, Level, Rectilinear Flight, Landing Approach Phase 


M = 0.24 


h = 0 ft 


W = 384,862 (M3 A) 
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B . Model Comparison and Characteristics 

Modeling a highly elastic vehicle with unsteady air flow is a difficult task. Current 
procedures for generating such models are being expanded and refined. As wisdom should have 
it, initial analysis should compare/contrast similar models from independent sources to assess if 
they are in rough agreement, thereby invoking confidence in predictions of vehicle motions. On 
the other hand, if considerable differences do exist, the implication is to use caution when relying 
upon the model. Models in Appendix B and C are examined in this way. In terms of flight 
condition and modeling assumptions, the two models are very similar, thus allowing a valid 
comparison. Mach-Altitude parameters are nearly equivalent (500 ft altitude difference only). 
Both models utilize the same finite element structural data base (ELFINI 1080-892STR), and 
correspond to identical mass cases with mass coupling effects taken out. Further, actuation 
characteristics for all the aerodynamic surfaces are equivalent. Also, aerodynamic effects from 
close proximity to the ground are excluded in both models. Noted differences between the models 
include reliance upon separate aerodynamic data bases (Cycle 3 vs. Cycle 1 and different ISAC 
runs), and unsteady aerodynamic effects (quasi-static vs. true unsteady). At the time of analysis, 
the nonlinear simulation tool did not allow for unsteady aerodynamic states in the Appendix B 
model, precluding a more direct "item for item" comparison. Dependence upon characteristic 
deflection shapes also differ somewhat (discrete data vs. continuous data via polynomial fits). 
Polynomial fits to the discrete mode shape data can introduce small differences in the deflection and 
slope values associated with the higher frequency modes. However, the benefits of having smooth 
transfer function behavior during sensor placement studies far out weigh these costs. Finally, the 
models differ (a small effect) due to the presence of forward vanes in the Appendix C model. 

Figs. 4-15 illustrate the frequency response characteristics of both models, for several 
types of measured responses at different locations, excited by various aerodynamic surface 
deflections. Measured responses include both pitch rate and vertical acceleration at the crew station 
(358 in) and center of mass (2,152 in). Excitation sources consist of the stabilator, elevator, and 
wing trailing edge deflections. In all stabilator and elevator driven responses (Figs. 4-7 and 10- 
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13), rigid-body and aeroelastic modes correlate well between one model and the other. Small 
differences at low frequencies (less than 3 rad/s), near the 3id oscillatory and aperiodic slow and 
fast modes, are most likely associated with reliance upon different aerodynamic data bases and 
different ISAC runs. Another source for small differences in the vertical accelerations at very low 
frequencies is the term "+gsin(0 o )0 M . The Appendix B model includes this term, the Appendix C 
model does not. In the aeroelastic mode frequency region (more than 3 rad/s), small differences 
can be traced to dissimilar unsteady aerodynamic models and the use of smoothed mode shape 
data. Larger differences are seen between the two models at the high-end of the dynamic 
spectrum. This difference is most likely associated with the different ISAC runs having different 
convergence criteria. With control loop attenuation, these noted high frequency differences will 
not be of concern. In all wing trailing edge driven responses (Figs. 8-9 and 14-15), the aeroelastic 
mode correlation between the models breaks down beyond the 2*^ aeroelastic mode (more than 1 3 
rad/s). The source of this mismatch could possibly be due to early ISAC model development 
approximations such as utilization of fuselage centerline mode shapes, rather than outboard wing 
mode shapes, when computing control derivatives for the trailing edge surfaces. Without the 
necessary model data, further investigation can not take place. Wing trailing edge devices will not 
be utilized in feedback control studies here. 

In general, very good agreement exists between the predicted dynamic characteristics of the 
two models for stabilator and elevator inputs. These correlations between the models in Appendix 
B and C validate, in some limited sense, the modeling process conducted in the nonlinear 
simulation tool, and in particular the linear model generation process. In other words, two separate 
modeling procedures yield the same dynamic characteristics. More importantly, high correlation of 
the aged model in Appendix C with the newer and updated characteristics in the Appendix B model 
validate conclusions and results from previous flight control investigations (which utilize the 
Appendix C model). 13 In this reference, the major conclusion, that single aft surface inner loop 
PCS architectures are not feasible, impacts overall configuration design and all major supporting 
disciplines. Results in Figs. 4-7 and 10-13 imply the "best available" modeling accuracy, as 
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reflected by the Appendix B model, for predicting airframe dynamic characteristics, can be 
reasonably approximated by conducting analyses with the Appendix C model. Therefore, further 
FCS investigations in this report will utilize the Appendix C model. 
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Figure 4. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Pitch Rate To Stabilator Channel 
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Figure 5. Frequency Response Comparison Of Appendix B & C Models 
For 2,152 in Pitch Rate To Stabilator Channel 
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Figure 6. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Pitch Rate To Elevator Channel 
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Figure 8. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Pitch Rate To Trailing Edge 3 Channel 
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Figure 9. Frequency Response Comparison Of Appendix B & C Models 
For 2,152 in Pitch Rate To Trailing Edge 3 Channel 
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Figure 10. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Vertical Acceleration To Stabilator Channel 
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Figure 1 1 . Frequency Response Comparison Of Appendix B & C Models 
For 2,152 in Vertical Acceleration To Stabilator Channel 
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Figure 12. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Vertical Acceleration To Elevator Channel 
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Figure 13. Frequency Response Comparison Of Appendix B & C Models 
For 2,152 in Vertical Acceleration To Elevator Channel 
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Figure 14. Frequency Response Comparison Of Appendix B & C Models 
For 358 in Vertical Acceleration To Trailing Edge 3 Channel 
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Figure 15. Frequency Response Comparison Of Appendix B & C Models 
For 2,152 in Vertical Acceleration To Trailing Edge 3 Channel 








Dynamic characteristics associated with key transfer functions of the HSCT airframe that 
will appear latter in control system design activities are discussed next. Tab. 1 lists the poles of the 
Appendix C airframe-actuator model. At this low-speed, low-altitude condition, the HSCT 
inherent pitch instability is clearly present. Rigid-body modes consist of the so called third 
oscillatory mode and two real axis modes, one fast and stable, the other slow and unstable. 
Aeroelastic mode frequencies include the 1st and 2nd mo de values at 7.7 and 12.8 rad/s all the way 
up to a value of 65.1 rad/s for the 17& mode with unsteady aerodynamic modes throughout this 
frequency range. Damping ratios for the aeroelastic modes are extremely light (i.e., on the order of 
0.1 or sometimes considerably less). Unsteady aerodynamic modes have reciprocal time constants 
ranging from 0.86 to 29.4 1/s. 

Tabs. 2-13 contain the transfer function gains and zeros for measured pitch rate and vertical 
acceleration to elevator and vane, at three key locations along the fuselage centerline: 400, 1,850 
and 3,460 in. These positions yield coverage over the vehicle length and correspond to the vane 
mounting point, the anti-node of the 1st aeroelastic mode, and the elevator hinge line. The crew 
station is only 3.5 ft removed from the vane mounting, therefore, response characteristics at 400 in 
will reflect what the pilot experiences. Figs. 16-27 show the corresponding frequency responses. 
Each set of factored numerators contain the rigid-body zeros 1 /tqj and 1 /tq 2 for pitch rate, rigid- 
body zeros l/T aZ j, l/x aZ2> l/T aZ y and l/x aZ4 for vertical acceleration (or complex conjugate 
equivalents), a pair of zeros for every aeroelastic mode, and a zero for every unsteady aerodynamic 
mode. In addition, two zeros having there origin from the noncausal input terms B’u and B"u in 
Eq. (2.1) are present, and canceling zeros associated with the other channel actuators. 

In general, observe from the frequency responses and tabular data how the aeroelastic 
modes excite the sensors at different frequencies, as the sensor mounting location is varied along 
the fuselage. Aeroelastic contamination of all responses is clearly seen. The 1st aeroelastic zeros 
essentially cancel the 1st aeroelastic poles when the rate gyro is located at 1,850 in. At 400 in, the 
1st aeroelastic zeros of the pitch rate to vane transfer function are minimum phase, have complex 
root structure, and are located directly below the 1st aeroelastic poles (i.e., collocated 
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actuator/sensor pair). On the other hand, at 400 in for pitch rate to elevator, the 151 aeroelastic 
zeros consist of real roots with one located in the right-half plane (i.e., an extreme non-collocated 
actuator/sensor pair). These trends and others can be correlated with the structural vibration mode 
shapes for the fuselage centerline shown in Fig. 28. x s and z s denote typical structural axes with 
x s pointing aft, z s pointing up, and origin located at the nose. 

In Tabs. 2-13, note the zeros associated with unsteady aerodynamic modes are always 
located close to the pole. These unsteady aerodynamic dipoles with "tight" structure do not appear 
to significantly impact the dynamics, other than introducing small phase variations. The most 
significant impact from unsteady aerodynamics comes into play through the noncausal zeros 
associated with the B’u and B"ii terms. These noncausal zeros are primarily determined by the 
quadratic term B"s 2 +B's+B. These roots lie well inside the actuator bandwidth (compare Tabs. 1 
and 2), and amplify the aeroelastic frequency region due to a lack of actuator attenuation until 
higher frequencies. This feature is more easily recognized graphically. Typically with aeroelastic 
models, attenuation characteristics are a gradual (-20 db/dec) roll off due to the fundamental rigid- 
body physics of rate-to-force transfers, with superimposed aeroelastic peaks and troughs. In Fig. 
16, the -20 db/dec attenuation behavior is missing in the 10 to 100 rad/s frequency range due to the 
noncausal zeros. This behavior leads to large aeroelastic peak values. 
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j Table 1. Continued 


-1.3435e+02+ 

1 . 3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1. 3435e+02- 

1 . 3435e+02i 

1.9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1 . 4142e+02+ 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4142e+02- 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4849e+02+ 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1.5556e+02+ 

1 . 5556e+02i 

2.2000e+02 

7 . 0710e-01 

Elevator Actuator 

-1, 5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

Elevator Actuator 

-1. 5556e+02+ 

1.5556e+02i 

2.2000e+02 

7 . 0710e-01 

Vane Actuator 

-1. 5556e+02- 

1. 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

Vane Actuator 

-1 . 6263e+02+ 

1. 6263e+02i 

2 . 3000e+02 

7..0710e-01 

Trailing Edge 3 Actuator 

-1. 6263e+02- 

1 . 6263e+02i 

2 .3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1 . 6970e+02+ 

1. 6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 

-1 . 6970e+02- 

1.6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 


30 



















































Table 2 . Z er os Of Ap 
Gain = -2 . 1345e+02 rad/ s/ rad 


Root Location (1/s) 


0 


-4.2957e-03 


“4 . 8215e-01 


-7.3580e-01 


-l,3602e+00 


-4 . 8325e+00+ 1 . 5792e-01i 


gendix C Model For 400 in Pitch Rate To Elevator Channel 


-4,8325e+00- 


5 .5433e+00 


-8.2182e+00 


-8. 9847e+00+ 


-8 . 9847e+00- 


-1.0823e+01 


1 . 5792e-01i 


2 . 1916e+00i 


2 . 1916e+00i 


-2 . 1000e+01 


-2.2000e+01 


-2.3000e+01 


-2 . 4000e+01 


-8 . 4996e~01+ 


-8.4996e-01- 


6 . 2328e+01i 


6 . 2328e+01i 


4 . 2957e-03 


4 . 8215e-01 


7 . 3580e-01 


1.3602e+00 


4 . 8351e+00 


4 . 8351e+00 


5 . 5433e+00 


8.2182e+00 


9 . 2482e+00 


9 . 2482e+00 


1.0823e+01 


-1. 1706e+01+ 

7 . 5449e+00i 

1 . 3927e+01 

-1.1706e+01- 

7 . 5449e+00i 

1 . 3927e+01 

-1. 1881e+00+ 

1.4138e+01i 

1 . 4188e+01 

-1.1881e+00- 

1.4138e+01i 

1.4188e+01 | 

-1.5980e+01 I 

1.5980e+01 


-1.7269e-01+ 

1.7262e+01i 

-1.7269e-01- 

1.7262e+01i 

-7 . 1568e-01+ 

1.8841e+01i 

-7 ,1568e-01- 

1.8841e+01i 

-1.9000e+01 1 


-2.0480e-01+ 

1.9696e+01i 

-2 . 0480e-01- 

1 . 9696e+01i 

-2 .0000e+01 1 


-1.1586e+01+ 

2 . 1164e+01i 

-1.1586e+01- 

2 . 1164e+01i 

-2 . 9159e-01+ 

2.4423e+01i 

-2.9159e-01- 

2 . 4423e+01i 

2 . 2906e+01+ 

1.3520e+01i 

2.2906e+01- 

1 . 3520e+01i 

| -3 . 0907e+01 

8.1385e+00+ 

4 . 0372e+01i 

8.1385e+00- 

4 . 0372e+01i 

-6.8058e-01+ 

4 . 1583e+01i 

“6.8058e-01- 

4 . 1583e+01i 

-5.6056e+00+ 

4 . 4476e+01i 

-5 . 6056e+00- 

4.4476e+01i 

“6 . 9744e-01+ 

5 . 6411e+01i 

-6.9744e-01- 

5 . 6411e+01i 

-8.7376e+00+ 

5 . 5985e+01i 

-8 . 7376e+00- 

5 . 5985e+01i 

I 5 .7633e+01 1 

7 . 5621e+00+ 

5 . 8873e+01i 

^ 7 . 5621e+00- 

5. 8873e+01i 

-3 . 6777e+00+ 

6. 1330e+01i 

-3 . 6777e+00- 

6 . 1330e-*-01i 


-3 . 5423e+00+ 6 . 9037e+01i 


1.7263e+01 


1 . 7263e+01 


1.8855e+01 


1.8855e+01 


1 . 9000e+01 


1.9697e+01 


1.9697e+01 


2 . 0000e+01 


2 . 1000e+01 


2 . 2000e+01 


2 . 3000e+01 


2 . 4000e+01 


2 .4128e+01 


2 . 4128e+01 


2.4425e+01 


2 . 4425e+01 


2 . 6598e+01 


2 . 6598e+01 


3 . 0907e+01 


4 . 1184e+01 


4. 1184e+01 


4 . 1589e+01 


4 . 1589e+01 


4 .4828e+01 


4 . 4828e+01 


5 . 6416e+01 


5 . 6416e+01 


5 . 6663e+01 


5 . 6663e+01 


5 - 7633e+01 


5 . 9357e+01 


5 . 9357e+01 


6 . 1441e+01 


6 . 1441e+01 


6 . 2334e+01 


6 . 2334e+01 


6 . 9128e+01 


l-0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


9.9947e-01 


9 . 9947e-01 


-1 . 0000e+00 


1 . 0000e+00 


9.7151e-01 


9 . 7151e-01 


1.0000e+00 


8 . 4053e-01 


8 . 4053e-01 


8 . 3741e-02 


8 . 3741e-02 


1. 0000e+00 


1 . 0004e-02 


1 .0004e-02 


3.7958e-02 


3.7958e-02 


1 . 0000e+00 


1.0397e-02 


1.0397e-02 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


4 . 8021e-01 


4.8021e-01 


1.1938e-02 


1.1938e-02 


-8 . 6118e-01 


-8.6118e-01 


1 . 0000e+00 


-1.9761e-01 


-1 . 9761e-01 


1 .6365e-02 


1 . 6365e-02 


1 . 2505e-01 


1.2505e-01 


1 . 2363e-02 


1.2363e-02 


1 . 5420e-01 


1 . 5420e-01 


-I . 0000e+00 


-1 . 2740e-01 


-1 . 2740e-01 


5 . 9857e-02 


5 . 9857e-02 


1 . 3636e-02 


1 . 3636e-02 


5 . 1242e-02 


Description 


Pitch "Rate" 


Tau Theta 1 


Tau Theta 2 


Unstea 


Unstea 


Aer ©elastic 1 


Aeroelastic 1 


Unstea 


Unsteady Aero 5 


Unstea^ 


Unsteady Aero 7 


Unstea 


Noncausal Rate 


Aeroelastic 2 


Aeroelastic 2 


Unsteady Aero 9 


Aeroelastic 3 


Aeroelastic 3 


Aeroelastic 4 


Aeroelastic 4 


Stabilator Actuator 


Aeroelastic 5 


Aeroelastic 5 


Trailing Edge 1 Actuator 


Trailing Edge 2 Actuator 


Vane Actuator 


Trailing Edge 3 Actuator 


Trailing Edge 4 Actuator 


Aeroelastic 6 


Aeroelastic 6 


Aeroelastic 7 


Aeroelastic 7 


Aeroelastic 8 


Aeroelastic 8 


Unstea 


Aeroelastic 9 


Aeroelastic 9 


Aeroelastic 10 


Aeroelastic 10 


Aeroelastic 11 


Aeroelastic 11 


Aeroelastic 12 


Aeroelastic 12 


Aeroelastic 13 


Aeroelastic 13 


Noncausal Acceleration 


Aeroelastic 14 


Aeroelastic 14 


Aeroelastic 15 


Aeroelastic 15 


Aeroelastic 16 


Aeroelastic 16 


Aeroelastic 17 
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| Table 2. Continued 

-3 . 5423e+00- 6.9037e+01i 

6 . 9128e+01 

5.1242e-02 

Aeroelastic 17 

-1.3435e+02+ 1.3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1.3435e+02- 1.3435e+02i 

1 . 9000e+02 

7.0710e-01 

Stabilator Actuator 

-1.4142e+02+ 1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4142e+02- 1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4849e+02+ 1.4849e+02i 

2 . 1000e+02 

7.0710e-01 

Trailing Edge 2 Actuator 

-1.4849e+02- 1.4849e+02i 

2 . 1000e-*-02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1.5556e+02+ 1.5556e+02i 

2 .2000e+02 

7 ,0710e-01 

Vane Actuator 

-1.5556e+02- 1.5556e+02i 

2 . 2000e+02 

7, 0710e-01 

Vane Actuator 

-1.6263e+02+ 1.6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1.6263e+02- 1.6263e+02i 

2.3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1.6970e+02+ 1.6970e+02i 

2.4000e+02 

7 .0710e-01 

Trailing Edge 4 Actuator 

-1.6970e+02- 1.6970e+02i 

2 . 4000e+02 

7 ,0710e-01 

Trailing Edge 4 Actuator 
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Table 3 . Zeros Of 


Gain - 1.8707e+01 rad/ s /rad 


Root Location (1/s) 


-4.6378e-03 


-4 . 7774e-01 


-7 .3042e-01 


-1 . 3598e+00 


-4.3275e+00 


-7.3185e+00 


-2 .2041e-01+ 


-2. 2041e-01- 


~8 . 6014e+00 


-9 . 4612e+00 


-1.1112e+01 


endix C Model For 1,850 in Pitch Rate To Elevator Channel 


7 . 5144e+00i 


7.5144e+00i 


-1. 2277e+00+ 

1.4031e+01i 

-1.2277e+00- 

1.4031e+01i 

| -1.4714e+01 1 

-1.7252e-01+ 

1.7263e+01i 

-1 . 7252e-01- 

1.7263e+01i 

-1.4168e+01+ 

1 . 1515e+01i 

-1.4168e+01- 

1. 1515e+01i 

1.8609e+01 ! 


-6.8532e-01+ 

1 . 8882e+01i 

-6. 8532e-01- 

1. 8882e+01i 

-1.9000e+01 1 

-1.9770e-01+ 

1.9704e+01i 

-1. 9770e-01- 

1 . 9704e+01i 


-1.9872e+01 


-2 .0000e+01 


-2 . 1000e+01 


-2 . 2000e+01 


-2 . 3000e+01 


-2 . 4000e+01 


-3 . 0152e-01+ 


-3.0152e-01- 


-3 . 4877e-01+ 


-3 . 4877e-01~ 


-6 . 1879e-01+ 


-6.1879e-01- 


1.1303e+01+ 


1.1303e+01- 


-6/7012 e+00+ 


-6 . 7012e+00- 


-4.4525e+01+ 


-4 . 4525e+01- 


-6 . 9b70e-01+ 


-6. 9670e-01- 


-5.8057e-01+ 


-5 . 8057e-01- 


“3 . 6590e+00+ 


-3 . 6590e+00- 


-8 . 4107e-01+ 


-8.4107e-01- 


-1.2648e+00+ 


-1.2648e+00- 


4 . 0838e+01+ 


2 . 4409e+01i 


2 . 4409e+01i 


3 . 0789e+01i 


3 . 0789e+01i 


4 . 1244e+01i 


4 . 1244e+01i 


4 . 4748e+01i 


4 . 4748e+01i 


4 . 7043e+01i 


4 . 7043e+01i 


2 . 3808e+01i 


2 . 3808e+01i 


5 . 6408e+01i 


5 . 6408e+01i 


5 . 8379e+01i 


5 . 8379e+01i 


6 . 1051e+01i 


6 . 1051e+01i 


6 . 2334e+01i 


6 . 2334e+01i 


6 . 7467e+01i 


6 . 7467e+01i 


8 . 7425e+01i 


. (rad/s) 


0 


4 . 6378e-03 


4 . 7774e-01 


7 . 3042e-01 


1.3598e+00 


4 . 3275e+00 


7.3185e+00 


7. 5176e+00 


7 . 5176e+00 


8 . 6014e+00 


9 . 4612e+00 


1.1112e+01 


1.4085e+01 


1 . 4085e+01 


1.4714e+01 


1.7264e+01 


1.7264e+01 


1.8258e+01 


1 . 8258e+01 


1.8609e+01 


1.8894e+01 


1.8894e+01 


1 . 9000e+01 


l-9705e+01 


1.9705e+01 


1.9872e+01 


2 . 0000e+01 


2 . 1000e+01 


2 ,2000e+01 


2 . 3000e+01 


2 .4000e+01 


2 . 4411e+01 


2 . 4411e+01 


3 . 0791e+01 


3 . 0791e+01 


4 , 1249e+01 


4 . 1249e+01 


4 . 6153e+01 


4 . 6153e+01 


4 . 7518e+01 


4 .7518e+01 


5 . 0491e+01 


5 . 0491e+01 


5 . 6413e+01 


5 . 6413e+01 


5 . 8382e+01 


5 . 8382e+01 


6 . 1161e+01 


6 . 1161e+01 


6 . 2340e+01 


6 .2340e+01 


6.7478e+01 


6.7478e+01 


9 . 6493e+01 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


2.9319e-02 


2 . 9319e-02 


1.0000e+00 


1.0000e+00 


1.0000e+00 


8 . 7166e-02 


8.7166e-02 


1 . 0000e+00 


9 * 9928e-03 


9 . 9928e-03 


7.7602e-01 


7 . 7602e-01 


-1 . 0000e+00 


3 . 6271e-02 


3 . 6271e-02 


1.0000e+00 


1.0033e-02 


1 . 0033e-02 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 2352e-02 


1.2352e-02 


1 . 1327e-02 


1 . 1327e-02 


1 . 5001e-02 


1 . 5001e-02 


-2 . 4490e-01 


-2 . 4490e-01 


1 . 4102e-01 


1.4102e-01 


8 . 8184e-01 


8 . 8184e-01 


1.2350e-02 


1.2350e-02 


9 . 9443e-03 


9 . 9443e-03 


5 . 9826e-02 


5 . 9826e-02 


1.3492e-02 


1.3492e-02 


1 . 8744e-02 


1.8744e-02 


-4 . 2323e-01 


Description 


Pitch "Rate" 


Tau Theta 1 


Tau Theta 2 


Vns tea 


Unsteady Aero 2 


Unstea 


Aeroelastic 1 


Aeroelastic 1 


Unsteady Aero 5 


Unstea 


Unsteady Aero 7 


Aeroelastic 2 


Aeroelastic 2 


Unstea 


Aeroelastic 4 


Aeroelastic 4 


Unstea 


Aeroelastic 3 


Aeroelastic 3 


Aeroelastic 5 


Aeroelastic 5 


Stabilator Actuator 


Aeroelastic 6 


Aeroelastic 6 


Unstea 


Trailing Edge 1 Actuator 


Trailing Edge 2 Actuator 


Vane Actuator 


Trailing Edge 3 Actuator 


Trailing Edge 4 Actuator 


Aeroelastic 7 


Aeroelastic 7 


Aeroelastic 8 


Aeroelastic 8 


Aeroelastic 10 


Aeroelastic 10 


Aeroelastic 11 


Aeroelastic 11 


Aeroelastic 12 


Aeroelastic 12 


Aeroelastic 9 


Aeroelastic 9 


Aeroelastic 13 


Aeroelastic 13 


Aeroelastic 14 


Aeroelastic 14 


Aeroelastic 15 


Aeroelastic 15 


Aeroelastic 18 


Aeroelastic 16 


Aeroelastic 17 


Aeroelastic 17 


Noncausal Rate 
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| Table 3 . Continued 


4 „ 0838e+01- 8.7425e+01i 

9 . 6493e+01 

-4 . 2323e-01 

Noncausal Acceleration 

-1.3435e+02+ 1.3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1.3435e+02- 1.3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1.4142e+02+ 1.4142e+02i 

2.0000e+02 

7.0710e-01 

Trailing Edge 1 Actuator 

-1.4142e+02- 1.4142e+02i 


7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4849e+02+ 1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1.4849e+02- 1.4849e+02i 

2 . 1000e+02 

7 . 0710e~01 

Trailing Edge 2 Actuator 

-1. 5556e+02+ 1.5556e+02i 

2.2000e+02 

7 . 0710e-01 

Vane Actuator 

-1.5556e+02- 1.5556e+02i 

2.2000e+02 

7.0710e-01 

Vane Actuator 

-1.6263e+02+ 1.6263e+02i 

2 .3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1. 6263e+02- 1.6263e+02i 

2.3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1. 6970e+02+ 1.6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 

-1.6970e+02- 1.6970e+02i 1 

2 .4000e+02 

7.0710e-01 

Trailing Edge 4 Actuator 
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Table 4. Zeros Of , 


Gain = -2.0283e+03 rad/s/rad 


Root Location (1/s) 


-4.9135e-03 


-4.7327e-01 


-7 . 2387e-01 


-1.3595e+00 


-1 . 5970e-01+ 


-1.5970e-01- 


-4 . 2406e+00 


-8 . 4480e+00+ 


-8 .4480e+00- 


-8 . 7277e-02+ 


-8 . 7277e-02- 


-1.0646e+01 


-1.1058e+01 


-1.2817e+01 


endix C Model For 3,460 in Pitch Rate To Elevator Channel 


3 . 2064e+00i 


3 -2064e+00i 


2.7789e-01i 


2 . 7789e-01i 


1 . 0558e+01i 


1.0558e+01i 


-1.0171e+00+ 

1 . 4219e+01i 

-1 . 0171e+00- 

1 . 4219e+01i 

-1 . 7247e-01+ 

1 . 7257e+01i 

-1 . 7247e-01- 

1 . 7257e+01i 

-1 . 8035e+01 1 


-6 . 5305e-01+ 

1 . 8246e+01i 

-6 . 5305e-01- 

1 - 8246e+01i 

-1 . 9128e+01 1 


- 2 . 4464e-01+ 

1.9600e+01i 

-2 . 4464e-01- 

1.9600e+01i 

-1 . 9752e+01 I 


-2.1526e+01+ 


-2 . 1526e+01- 


-l-4866e-01+ 


-1.4866e-01- 


-2.3110e+01 


-2.3978e+01 


-3 . 1078e-01+ 


-3 . 1078e-01- 


-3.5407e+01+ 


“3 . 5407e+01- 


-1.6288e-01+ 


-1 . 6288e-01- 


-9.2871e-01+ 


-9.2871e-01- 


3 . 9494e+00+ 


3 . 9494e+00- 


-3 . 9299e+00+ 


-3.9299e+00- 


-5 . 8349e-01+ 


-5 . 8349e-01- 


-7 . 7748e-01+ 


-7.7748e-01- 


-3 -4479e+00+ 


-3 . 4479e+00- 


-8 . 3462e-01+ 


-8 . 3462e~01- 


-6-4431 e- 01+ 


-6.4431e-01- 


1.3992e-01i 


1 . 3992e-01i 


2 . 1679e+01i 


2 . 1679e+01i 


2.4282e+01i 


2 . 4282e+01i 


1 . 1873e+00i 


1 . 1873e+00i 


3 . 5894e+01i 


3 . 5894e+01i 


4 . 4226e+01i 


4 . 4226e+01i 


4. 8414e+01i 


4 . 8414e+01i 


4 . 9008e+01i 


4 . 9008e+01i 


5 . 5417e+01i 


5 . 5417e+01i 


5 . 8947e+01i 


5 . 8947e+01i 


6.1260e+01i 


6 . 1260e+01i 


6 . 2375e+01i 


6 . 2375e+01i 


6 . 4570e+01i 


6 . 4570e+01i 


. (rad/s) 


0 


4 . 9135e-03 


4 . 7327e-01 


7 . 2387e-01 


1 . 3595e+00 


3 . 2104e+00 


3 . 2104e+00 


4 . 2406e+00 


8 . 4526e+00 


8 . 4526e+00 


1 . 0558e+01 


1.0558e+01 


1 . 0646e+01 


1.1058e+01 


1 .2817e+01 


1 . 4255e+01 


1.4255e+01 


1 . 7257e+01 


1 . 7257e+01 


1 . 8035e+01 


1 . 8258e+01 


1 . 8258e+01 


1 . 9128e+01 


1 . 9602e+01 


1 . 9602e+01 


1 . 9752e+01 


2 . 1527e+01 


2 . 1679e+01 


2 . 1679e+01 


2 . 3110e+01 


2 . 3978e+01 


2 . 4284e+01 


2 . 4284e+01 


3 . 5427e+01 


3 . 5427e+01 


3 . 5895e+01 


3 . 5895e+01 


4.4236e+01 


4 . 4236e+01 


4 . 8575e+01 


4. 8575e+01 


4 . 9166e+01 


4.9166e+01 


5 , 5420e+01 


5 . 5420e+01 


5 . 8952e+01 


5 . 8952e+01 


6 . 1357e+01 


6 . 1357e+01 


6 . 2380e+01 


6 . 2380e+01 


6 . 4574e+01 


6 . 4574e+01 


Description 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . OOOOe+0O 


4 , 9744e-02 


4 . 9744e-02 


1 . 0000e+00 


9 . 9946e-01 


9 . 9946e-01 


8 . 2663e-03 


8 . 2663e-03 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


7 . 1350e-02 


7 . 1350e-02 


9 . 9942e-03 


9 - 9942e-03 


1 . 0000e+00 


3.5768e-02 


3.5768e-02 


1 . 0Q00e+00 


1.2480e-02 


1 . 2480e-02 


1 . 0000e+00 


9 . 9998e-01 


9 . 9998e-01 


6 . 8571e-03 


6 . 8571e-03 


1 . 0000e+00 


1 . 0000e+00 


1 . 2798e-02 


1.2798e-02 


9.9944e-01 


9 . 9944e-01 


4 . 5377e-03 


4 »5377e-03 


2 . 0995e-02 


2 . 0995e-02 


-8 . 1306e-02 


-8 . 1306e-02 


7 . 9933e-02 


1 . 0529e-02 


1 . 0529e-02 


1 . 3188e-02 


1 . 3188e-02 


5 . 6194e-02 


5 . 6194e-02 


1 . 3380e-02 


1 . 3380e-02 


9 . 9779e-03 


9 . 9779e-03 
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| Table 4. Continued 


1 -7 . 4749e+01 

7 . 4749e+01 

1.0000e+00 

- 

-1 .3435e+02+ 

1 . 3435e+02i 

1 . 9000e+02 



-1.3435e+02- 

1.3435e+02i 

1 . 9000e+02 

7 ,0710e-01 

- 

-1.4142e+02+ 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1. 4142e+02- 

1 . 4142e+02i 

2 . 0000e+02 

7 „ 0710e-01 

- 

-1.4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.4849e+02- 

1.4849e+02i 

2.1000e+02 

7 . 0710e-01 

- 

-1. 5556e+02+ 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1. 5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1. 6263e+02+ 

1 . 6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1. 6263e+02- 

1 . 6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1. 6970e+02+ 

1.6970e+02i 

2 . 4000e+02 

7 .0710e-01 

- 

-1* 6970e+02- 

1 . 6970e+02i 

2.4000e+02 

7.0710e-01 

- 
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Table 5. Zeros Of 


Gain ~ 4.7673e+06 rad/s/rad 


Root Location (1/s) 


0 


-3.3139e-03 


-4 . 6652e-01 


-7.3330e-01 


-1.3576e+00 


-1 . 6974e-01+ 2 . 1432e+00i 


-1.6974e-01~ 2.1432e+00i 


-4 . 2202e+00 


-8 . 2740e+00 


-9 . 1709e+00 


-9 , 4719e+00 


-5 . 8408e-01+ 1 . 0983e+01i 


pendix C Model For 400 in Pitch Rate To Vane Channel 


-5 , 8408e-01- 


-1 . 1230e+01 


-I . 3542e+01 


1 . 0983e+01i 


-9.7380e-01+ 

1 . 5187e+01i 

-9 . 7380e-01- 

1 . 5187e+01i 

r-1.7335e-01+ 

1.7264e+01i 

-1.7335e-01- 

1.7264e+01i 

-6.9425e-01+ 

1 » 8286 e+ 0 1 i 

-6.9425e-01- 

1 . 8286e+01i 

-1.8854e+01 | 


-2 . 3977e-01+ 


-2 . 3977e-01- 


-2.0000e+01 


-2 . 1000e+01 


-2 . 2000e+01 


-2.3000e+01 


1 . 9644e+01i 


1 . 9644e+01i 


-3 . 5589e-01+ 

2.3196e+01i 

-3 .5589e-01- 

2.3196e+01i 

-2 . 4000e+01 1 


-lJ>387e+00+ 


-1 . 5387e+00- 


-2 . 9338e+01 


-7.9676e-01+ 


-7 . 9676e-01- 


-9 . 1811e-01+ 


-9 . 1811e-Ql- 


-5 . 6739e-01+ 


-5 . 6739e-01- 


-8.7159e-01+ 


-8.7159e-01- 


_-7-8541e-01+ 


- 1 . 8541e-01- 


-7.8138e-01+ 


-7 . 8138e-01- 


-3.2789e+00+ 


-3.2789e+00- 


-7 . 6298e-01+ 


- 1 . 6298e-01- 


-8 . 3436e-01+ 


-8 . 3436e-01- 


-1 ♦ 3435e+02+ 


2 . 8611e+01i 


2 . 8611e+01i 


3 . 1663e+01i 


3 . 1663e+01i 


4 . 2355e+01i 


4 . 2355e+01i 


4 . 4740e+01i 


4 . 4740e+01i 


5 . 2862e+01i 


5 . 2862e+01i 


5 . 5918e+01i 


5 . 5918e+01i 


5 . 8897e+01i 


5 . 8897e+01i 


6 . 1390e+01i 


6 . 1390e+01i 


6 . 2299e+01i 


6 . 2299e+01i 


6 . 4451e+01i 


6 . 4451e+01i 


1 . 3435e+02i 


3 . 3139e-03 


4 . 6652e-01 


7 . 3330e-01 


1.3576e+00 


2 . 1500e+00 


2 . 1500e+00 


4 . 2202e+00 


8 . 2740e+00 


9 . 1709e+00 


9. 4719e+00 


1.0998e+01 


1 . 0998e+01 


1.1230e+01 


1.3542e+01 


1 . 5218e+01 


1 . 5218e+01 


1.7265e+01 


1.7265e+01 


1.8299e+01 


1 . 8299e+01 


1.8854e+01 


1.9000e+01 


1 . 9646e+01 


1 . 9646e+01 


2 . 0000e+01 


2 . 1000e+01 


2 . 2000e+01 


2.3000e+01 


2 . 3199e+01 


2 . 3199e+01 


2 . 4000e+01 


2 . 8653e+01 


2 . 8653e+01 


2 . 9338e+01 


3 . 1673e+01 


3 . 1673e+01 


4 . 2365e+01 


4 . 2365e+01 


4 . 4743e+01 


4 . 4743e+01 


5 . 2869e+01 


5 . 2869e+01 


5 . 5924e+01 


5 . 5924e+01 


5 . 8902e+01 


5 . 8902e+01 


6 . 1478e+01 


6 . 1478e+01 


6.2303e+01 


6. 2303e+01 


6 . 4457e+01 


6.4457e+01 


1 . 9000e+02 


1.0000e+00 


1.0000e+00 


1.0000e+00 


1.0000e+00 


1 . 0000e+00 


7 . 8952e-02 


7 . 8952e-02 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


5 . 3107e-02 


5.3107e-02 


1.0000e+00 


1 . 0000e+00 


6.3991e-02 


6 . 3991e-02 


1.0040e-02 


1 . 0040e-02 


3 . 7940e-02 


3 ,7940e-02 


1 . 0000e+00 


1 . 0000e+00 


1 . 2205e-02 


1.2205e-02 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1.5341e-02 


1 . 5341e-02 


1.0000e+00 


5 . 3702e-02 


5.3702e-02 


1 . 0000e+00 


2 . 5156e-02 


2 . 5156e-02 


2 . 1671e-02 


2.1671e-02 


1.2681e-02 


1 . 2681e-02 


1 . 6486e-02 


1.6486e-02 


1.4044e-02 


1.4044e-02 


1.3266e-02 


1.3266e-02 


5 . 3335e-02 


5 . 3335e-02 


1 . 2246e-02 


1 . 2246e-02 


1.2944e-02 


1 . 2944e-02 


7 . 0710e-01 


Description 


Pitch "Rate” 


Tau Theta 1 


Tau Theta 2 


Unstea 


Unsteady Aero 2 


Aeroelastic 1 


Aeroelastic 1 


Unsteady Aero 3 


Unstea 


Unsteady Aero 5 


Unstea 


Aeroelastic 2 


Aeroelastic 2 


Unstea 


Aeroelastic 3 


Aeroelastic 3 


Aeroelastic 4 


Aeroelastic 4 


Aeroelastic 5 


Aeroelastic 5 


Stabilator Actuator 


Aeroelastic 6 


Aeroelastic 6 


Trailing Edge 1 Actuator 


Trailing Edge 2 Actuator 


Elevator Actuator 


Trailing Edge 3 Actuator 


Aeroelastic 7 


Aeroelastic 7 


Trailing Edge 4 Actuator 


Aeroelastic 8 


Aeroelastic 8 


Unstea 


Aeroelastic 9 


Aeroelastic 9 


Aeroelastic 10 


Aeroelastic 10 


Aeroelastic 11 


Aeroelastic 11 


Aeroelastic 12 


Aeroelastic 12 


Aeroelastic 13 


Aeroelastic 13 


Aeroelastic 14 


Aeroelastic 14 


Aeroelastic 15 


Aeroelastic 15 


Aeroelastic 16 


Aeroelastic 16 


Aeroelastic 17 


Aeroelastic 17 


Stabilator Actuator 



37 

























































































































Table 5. Continued 


-1.3435e+02- 

1 . 3435e+02i 

1 . 9000e+02 

7.0710e-01 

Stabilator Actuator 

-1.4142e+02+ 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4142e+02- 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4849e+02+ 

1.4849e+02i 

2 . 1000e+02 

7 .0710e-01 

Trailing Edge 2 Actuator 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7 . G7I0e-01 

Trailing Edge 2 Actuator 

-1.5556e+02+ 

1.5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

Elevator Actuator 

-1.5556e+02- 

1 . 5556e+02i 

2.2000e+02 

7 . 0710e-01 

Elevator Actuator 

-1 . 6263e+02+ 

1. 6263e+02i 

2 . 3000e+02 

7 . Q710e-01 

Trailing Edge 3 Actuator 

-1.6263e+02- 

1.6263e+02i 

2.3000e+02 

7 ♦0710e-01 

Trailing Edge 3 Actuator 

-1.6970e+02+ 

1.6970e+02i 

2 . 4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 

-1. 6970e+02- 

1 6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 
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Tatle^^^Zeros^f^^ 
Gain = -1.0114e+05 rad/ s/ rad 


Root Location (1/s) 


-5 . 8897e-03 


-4 . 4322e-01 


-7 . 2421e-01 


-1 . 3578e+00 


-4 . 1466e+00 


-5.3080e-01+ 


-5 . 3080e-01- 


-8,1343e+00+ 


-8 . 1343e+00- 


-9. 9182e+00+ 


-9. 9182e+00- 


1.0023e+01 


-1.1308e+01 


-1.3738e+01 


-1.1039e+00+ 


-1.1039e+00- 


-1.7316e-01+ 


-1.7316e-01- 


-7.7741e-01+ 


-7.7741e-01- 


-1 .8644e+01 


-2.3388e-01+ 


-2.3388e-01- 


-1.9000e+01 


-2.0000e+01 


-2 .1000e+01 


-2.2000e+01 


gendix C Model For 1,850 in Pitch Rate To Vane Channel 


7 . 9075e+00i 


7 . 9075e+00i 


9 . 3030e-01i 


9 . 3030e-01i 


7 . 6790e-02i 


7 . 6790e-02i 


1.4258e+01i 


1.4258e+01i 


1.7263e+01i 


1.7263e+01i 


1. 8299e+01i 


1 . 8299e+01i 


1 . 9656e+01i 


1.9656e+01i 


-3.4935e-01+ 

2 . 3577e+01i 

-3 . 4935e-01- 

2 . 3577e+01i 

-2.3000e+01 

-2.4000e+01 

-2.0295e+00+ 

2 . 9157e+01i 

-2 .0295e+00- 

2 . 9157e+01i 


-2 . 9561e+01 


-4 . 4544e-01+ 3 . 9346e+01i 


-4 . 4544e-01- 


-8 .8010e-01+ 


-8.8010e-01- 


3 . 9346e+01i 


4, 2514e+01i 


4 . 2514e+01i 


-9 . 4895e-01+ 5 . 2453e+01i 


~9 . 4895e-01- 5 . 2453e+01i 


-7 . 8428e-01+ 


-7.8428e-01- 


5 . 5973e+01i 


5 . 5973e+01i 


-2 . 9875e+00+ 6 . 1274e+01i 


-2 . 9875e+00- 6 . 1274e+01i 


-8 . 3789e-01+ 


-8.3789e-01- 


-1.3981e+00+ 


-1^3981e+00- 


-1.1198e+01+ 


-1 . 1198e+01- 


9 . 4640e+00+ 


9 . 4640e+00- 


-1.3435e+02+ 


6.1761e+01i 


6. 1761e+01i 


6. 2873e+01i 


6 . 2873e+01i 


6.8650e+01i 


6 . 8650e+01i 


6 . 9112e+01i 


6 . 9112e+01i 


1.3435e+02i 


. (rad/s) 


0 


5 . 8897e-03 


4 . 4322e-01 


7 . 2421e-01 


1 . 3578e+00 


4 . 1466e+00 


7 . 9253e+00 


7 . 9253e+00 


8 . 1874e+00 


8 * 1874e+00 


9 . 9185e+00 


9 . 9185e+00 


1 . 0023e+01 


1.1308e+01 


1.3738e+01 


1 . 4301e+01 


1.4301e+01 


1.7263e+01 


1.7263e+01 


1 . 8315e+01 


1.8315e+01 


1.8644e+01 


1.9657e+01 


1. 9657e+01 


1.9000e+01 


2 . 0000e+01 


2 . 1000e+01 


2 . 2000e+01 


2 . 3580e+01 


2 . 3580e+01 


2 . 3000e+01 


2 . 4000e+01 


2 . 9227e+01 


2 . 9227e+01 


2 . 9561e+01 


3 . 9349e+01 


3 . 9349e+01 


4 . 2523e+01 


4 . 2523e+01 


5 . 2461e+01 


5 . 2461e+01 


5 . 5978e+01 


5 . 5978e+01 


6 . 1347e+01 


6 . 1347e+01 


6 . 1766e+01 


6 . 1766e+01 


6 . 2888e+01 


6 . 2888e+01 


6 . 9557e+01 


6 . 9557e+01 


6 . 9757e+01 


6 . 9757e+01 


1.9000e+02 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


6 . 6975e-02 


6 . 6975e-02 


9 . 9352e-01 


9 . 9352e-01 


9 . 9997e-01 


9 . 9997e~01 


-1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


7 . 7192e-02 


7 . 7192e-02 


1 . 0030e-02 


1.0030e-02 


4 . 2447e-02 


4 . 2447e-02 


1 . 0000e+00 


1.1898e-02 


1 . 1898e-02 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 4816e-02 


1 . 4816e-02 


1.0000e+00 


1 . 0000e+00 


6 . 9440e-02 


6 . 9440e-02 


1.0000e+00 


1 . 1320e-02 


1 . 1320e-02 


2 . 0697e-02 


2 . 0697e-02 


1 . 8089e-02 


1. 8089e-02 


1 . 4010e-02 


1.4010e-02 


4 . 8699e-02 


4 . 8699e-02 


1.3565e-02 


1.3565e-02 


2 . 2231e-02 


2 . 2231e-02 


1 . 6099e-01 


1 . 6099e-01 


-1 . 3567e-01 


-1.3567e-01 


7 . 0710e-01 


Description 


Pitch "Rate" 


Tau Theta 1 


Tau Theta 2 


Unstea 


Unsteady Aero 3 


Aeroelastic 1 


Aeroelastic 1 


Unsteady Aero 4 


Unsteady Aero 5 


Unsteady Aero 6 


Aeroelastic 2 


Aeroelastic 2 


Unsteady Aero 7 


Unstea 


Aeroelastic 3 


Aeroelastic 3 


Aeroelastic 4 


Aeroelastic 4 


Aeroelastic 5 


Aeroelastic 5 


Unstea 


Aeroelastic 6 


Aeroelastic 6 


Stabilator Actuator 


Trailing Edge 1 Actuator 


Trailing Edge 2 Actuator 


Elevator Actuator 


Aeroelastic 7 


Aeroelastic 7 


Trailing Edge 3 Actuator 


Trailing Edge 4 Actuator 


Aeroelastic 8 


Aeroelastic 8 


Unstea 


Aeroelastic 9 


Aeroelastic 9 


Aeroelastic 10 


Aeroelastic 10 


Aeroelastic 11 


Aeroelastic 11 


Aeroelastic 12 


Aeroelastic 12 


Aeroelastic 13 


Aeroelastic 13 


Aeroelastic 14 


Aeroelastic 14 


Aeroelastic 15 


Aeroelastic 15 


Aeroelastic 16 


Aeroelastic 16 


Aeroelastic 17 


Aeroelastic 17 


Stabilator Actuator 


39 














































































































































































| Table 6. Continued 


-1 . 3435e+02- 

1. 3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

Stabilator Actuator 

-1 . 4142e+02+ 

1 . 4142e+02i 

2.0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1 . 4142e+02- 

1 . 4142e+02i 

2.0000e+02 

7 . 0710e-01 

Trailing Edge 1 Actuator 

-1.4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1 . 4849e+02- 

1 . 4849e+02i 

2.1000e+02 

7 . 0710e-01 

Trailing Edge 2 Actuator 

-1 . 5556e+02+ 

1 * 5556e+02i 

2 ,2000e+02 

7 . 0710e-01 

Elevator Actuator 

-1.5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

Elevator Actuator 

—1 . 6263e+02+ 

1 . 6263e+Q2i 

2 , 3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1. 6263e+02- 

1 . 6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

Trailing Edge 3 Actuator 

-1. 6970e+02+ 

1 . 6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 

-1 . 6970e+02- 

1.6970e+02i 

2.4000e+02 

7 . 0710e-01 

Trailing Edge 4 Actuator 
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Table 7. Zeros Of 


Gain - -8.7033e+04 rad/s/rad 


Root Location (1/s) 


-7.4858e-03 


-4 . 2794e-01 


-7 . 1636e-01 


-1.3583e+00 


-4 . 3347e+00+ 3.8391e-01i 


^ldix C Model For 3,460 in Pitch Rate To Vane Channel 


-4 . 3347e+00- 3.8391e-01i 


4 . 8353e+00 


-8.6186e+00 


-9.5966e+00+ 1 . 5892e+00i 


-9.5966e+00- 1 . 5892e+00i 


-1 . 1234e+01 


-1.2946e+01 


-1.2364e+00+ 

1.4013e+01i 

-1.2364e+00- 

1.4013e+01i 

-1.6332e+01 


-1.7346e-01+ 


-1 . 7346e-01- 


-7 . 7301e-01+ 


-7.7301e-01- 


-1.9276e+01+ 


-1 . 9276e+01- 


-2 ,1396e-01+ 


-2.1396e-01- 


-2 . 1554e+01+ 


-2 . 1554e+01- 


-2.3676e+01+ 


-2.3676e+01- 


-3 . 4488e-01+ 


-3.4488e-01- 


1 . 5449e+01+ 


1. 5449e+01- 


-1.5327e+01+ 


-1 . 5327e+01- 


-2 , 9778e+01 


-2 .2172e+00+ 


-2.2172e+00- 


-9 . 0747e-01+ 


-9. 0747e-01- 


-9.3167e-01+ 


-9.3167e-01- 


-7.2913e-01+ 


-7 . 2913e-01- 


1 . 7262e+01i 


1.7262e+01i 


1.8672e+01i 


1 . 8672e+01i 


4 . 4104e-01i 


4 . 4104e-01i 


1.9690e+01i 


1 . 9690e+01i 


8 . 8990e-01i 


8.8990e-01i 


6 .7014e-02i 


6 . 7014e-02i 


2 . 4429e+01i 


2 . 4429e+01i 


2 . 1453e+01i 


2 . 1453e+01i 


2 . 1753e+01i 


2 . 1753e+01i 


3 . 3092e+01i 


3 . 3092e+01i 


4 . 1976e+01i 


4 . 1976e+01i 


5 . 1790e+01i 


5 . 1790e+01i 


5 . 6576e+01i 


5 . 6576e+01i 


-1 . 4811e+01+ 5 . 7947e+01i 


-1 ,4811e+01- 


-3 . 2853e+00+ 


-3.2853e+00- 


-7.7845e-01+ 


-7 . 7845e-01- 


1 - 6669e+01+ 


1.6669e+01- 


2 . 1926e+00+ 


2 . 1926e+00- 


-1 . 3435e+02+ 


5.7947e+01i 


6. 1186e+01i 


6.1186e+01i 


6 . 2420e+01i 


6 . 2420e+01i 


6 . 1058e+01i 


6 . 1058e+01i 


7 . 2660e+01i 


7 . 2660e+01i 


1.3435e+02i 


. (rad/s) 


0 


7 . 4858e-03 


4 . 2794e-01 


7 . 1636e-01 


1.3583e+00 


4.3516e+00 


4 . 3516e+00 


4 . 8353e+00 


8 . 6186e+00 


9 .7273e+00 


9.7273e+00 


1.1234e+01 


1.2946e+01 


1.4067e+01 


1.4067e+01 


1 . 6332e+01 


1.7263e+01 


1.7263e+01 


1.8688e+01 


1.8688e+01 


1.9281e+01 


1.9281e+01 


1.9691e+01 


1 . 9691e+01 


2 . 1573e+01 


2 . 1573e+01 


2.3676e+01 


2 . 3676e+01 


2 .4432e+01 


2 . 4432e+01 


2 . 6436e+01 


2 . 6436e+01 


2 . 6610e+01 


2 . 6610e+01 


2 , 9778e+01 


3 .3166e+01 


3 . 3166e+01 


4 . 1986e+01 


4 . 1986e+01 


5 . 1799e+01 


5 . 1799e+01 


5 . 6581e+01 


Description 


5 . 9810e+01 


5 . 9810e+01 


6 . 1274e+01 


6 . 1274e+01 


6 . 2425e+01 


6.2425e+01 


6 . 3292e+01 


6 . 3292e+01 


7 .2693e+01 


7 . 2693e+01 


1.9000e+02 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


9 . 9610e-01 


9 . 9610e-01 


-1.0000e+00 


1 . 0000e+00 


9 . 8656e-01 


9 . 8656e-01 


l-0000e+00 


1 . 0000e+00 


8.7892e-02 


8.7892e-02 


1.0000e+00 


1 . 0048e-02 


1 . 0048e-02 


4 . 1365e-02 


4 . 1365e-02 


9 . 9974e-01 


9 . 9974e-01 


1.0866e-02 


1.0866e-02 


9 . 9915e-01 


9 . 9915e-01 


1 . 0000e+00 


1.0000e+00 


1.4116e-02 


1.4116e-02 


-5 . 8437e-01 


-5.8437e-01 


5 . 7597e-01 


5.7597e-01 


1 . 0000e+00 


6 . 6852e-02 


6.6852e-02 


2 . 1614e-02 


2 . 1614e-02 


1 . 7986e-02 


1.7986e-02 


1 . 2887e-02 


1 . 2887e-02 


2.4763e-01 


2 . 4763e-01 


5 . 3616e-02 


5.3616e-02 


1 . 2470e-02 


1 . 2470e-02 


-2 . 6337e-01 


-2 . 6337e-01 


-3 . 0162e-02 


-3 . 0162e-02 


7 . 0710e-01 
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f Table 7. Continued 


-1 . 3435e+02- 

1 . 3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

- 

-1.4142e+02+ 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1 . 4142e+02- 

1 . 4142e+Q2i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1 . 4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.4849e+02- 

1 . 4849e+02i 

2 .1000e+02 

7 . 0710e-01 

- 

-1.5556e+02+ 

1 . 5556e+02i 

2 . 2000e+02' 

7 .0710e-01 

- 

-1.5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1.6263e+02+ 

1 . 6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1.6263e+02- 

1.6263e+02i 

2 . 3000e+02 

7 .0710e-01 

- 

-1 . 6970e+02+ 

1.6970e+02i 

2.4000e+02 

7 . 0710e-01 

- 

-1.6970e+02- 

1. 6970e+02i 

2 .4000e+02 
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Root Location (1/s) 


0 


2.8141e-02 


-6.5819e-01 


-4.2680e-01+ 1.039 


-4.2680e-01- 1.039 


~1.3576e+00 


-4 . 1873e+00 


-6.8167e+00 


-8.1987e+00 


-1 . 0709e+01 


1 . 0391e+00i 


1 . 0391e+00i 


-1. 0778e+01+ 

2 . 8160e+00i 

-1.0778e+01- 

2 . 8160e+00i 

I 1.2035e+01 I 

-1. 0692e+01+ 

8. 9173e+00i 

-1. 0692e+01- 

8 . 9173e+00i 

-1 . 1979e+00+ 

1 . 4149e+01i 

-1.1979e+00- 

1 . 4149e+01i 

-1.6154e+01 i 


-1.7283e-01+ 

1.7263e+01i 

-1.7283e-01- 

1.7263e+01i 

-7 . 2877e-01+ 

1. 8871e+01i 

-7.2877e-01- 

1.8871e+01i 

-1.9000e+01 j 

-2 . 0823e-01+ 

1. 9702e+01i 

-2.0823e-01- 

1 . 9702e+01i 


-2 . 0000e+01 


-2 . 0999e+01 


1.5952e+01+ 


1.5952e+01- 


-2.2001e+01 


-2.3001e+01 


-2 .4001e+01 


-2.7952e-01+ 


-2.7952e-01- 


-9 . 1251e+00+ 


-9.1251e+00- 


-3 . 3857e+01 


3 . 4622e+00-n 


3.4622e+00- 


-3 . 5137e-01+ 


-3.5137e-01- 


-2 . 6411e+00+ 


-2 . 6411e+00“ 


_l A 2798e+00+ 


1.2798e+00- 


-1.9557e+00+ 


-1.9557e+00- 


-1 . 0494e+00+ 


-l.Q494e+00- 


-3 JL 4058e+00+ 


-3 . 4058e+Q0- 


-8 . 5624e-01+ 


-8 . 5624e-01- 


-7 . 9946e-01+ 


1.5076e+01i 


1 . 5076e+01i 


2 . 4414e+01i 


2 . 4414e+01i 


2 . 3142e+01i 


2 . 3142e+01i 


3 . 7807e+01i 


3 . 7807e+01i 


4 . 1913e+01i 


4 . 1913e+01i 


4 . 5281e+01i 


4 . 5281e+01i 


5 . 6126e+01i 


5 . 6126e+01i 


5 . 6439e+01i 


5 . 6439e+01i 


5 . 7782e+01i 


5 . 7782e+01i 


6 . 1666e+01i 


6.1666e+01i 


6 . 2343e+01i 


6 . 2343e+01i 


6 . 6205e+01i 


. (rad/s) 


0 


2 . 8141e-02 


6 . 5819e-01 


1.1233e+00 


1 . 1233e+00 


1.3576e+00 


4 . 1873e+00 


6 . 8167e+00 


8 . 1987e+00 


1 . 0709e+01 


1.1140e+01 


1.1140e+01 


1.2035e+01 


1.3922e+01 


1 . 3922e+01 


1.4200e+01 


1.4200e+01 


1.6154e+01 


1 . 7263e+01 


1.7263e+01 


1.8885e+01 


1.8885e+01 


1 . 9000e+01 


1.9703e+01 


1.9703e+01 


2 . 0000e+01 


2 . 0999e+01 


2 . 1949e+01 


2 . 1949e+01 


2 . 2001e+01 


2 ,3001e+01 


2 . 4001e+01 


2 . 4415e+01 


2 . 4415e+01 


2.4876e+01 


2 . 4876e+01 


3 . 3857e+01 


3 . 7965e+01 


3 . 7965e+01 


4 . 1915e+01 


4 . 1915e+01 


4 . 5358e+01 


4 . 5358e+01 


5 . 6140e+01 


5 . 6140e+01 


5 . 6473e+01 


5 . 6473e+01 


5 . 7792e+01 


5 . 7792e+01 


6.1760e+01 


6.1760e+01 


6 .2349e+01 


6 . 2349e+01 


6 . 6210e+01 



1.0000e+00 


-1.0000e+00 


1.0000e+00 


3 . 7994e-01 


3 . 7994e-01 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1.0000e+00 


1.0000e+00 


9 . 6752e-01 


9 . 6752e-01 


-1.0000e+00 


7 . 6795e-01 


7.6795e-01 


8.4357e-02 


8.4357e-02 


1.0000e+00 


1.0011e-02 


1.0011e-02 


3 . 8590e-02 


3 . 8590e-02 


l-0000e+00 


1.0568e-02 


1.0568e-02 


1 . 0000e+00 


1.0000e+00 


-7 . 2678e-01 


-7 . 2678e-01 


1.0000e+00 


1.0000e+00 


1 . 0000e+00 


1.1449e-02 


1 . 1449e-02 


3 . 6682e-01 


3 . 6682e-01 


1 . 0000e+00 


-9.1193e-02 


-9 . 1193e-02 


8 . 3829e-03 


8 . 3829e-03 


5 . 8229e-02 


5 . 8229e-02 


-2.2796e-02 


-2 . 2796e-02 


3.4630e-02 


3 . 4630e-02 


1 . 8158e-02 


1 . 8158e-02 


5 . 5145e-02 


5 . 5145e-02 


1.3733e-02 


1 .3733e-02 


1 . 2075e-02 
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-7.9946e-01- 

6 . 6205e+01i 

6 . 6210e+01 

1.2075e-02 

- 

-1.3435e+02+ 

1.3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

- 

-1.3435e+02- 

1 . 3435e+02i 

1.9000e+02 

7 . 0710e-01 

- 

-1 . 4142e+02+ 

1 . 4142e+02i 

2-OOOOe+02 

7 . 0710e-01 

- 

-1.4142e+02- 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1.4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.5556e+02+ 

1.5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1. 5556e+02- 

1.5556e+02i 

2 .2000e+02 

7.0710e-01 

- 

-1. 6263e+02+ 

1 . 6263e+02i 

2.3000e+02 

7 . 0710e-01 

- 

-1.6263e+02- 

1.6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1.6970e+02+ 

1.6970e+02i 

2 . 4000e+02 

7 . 0710e-01 

- 

-1. 6970e+02- 

1.6970e+02i 

2 , 4000e+02 

7 . 0710e-01 

- 

I -2 .1977e+03 

2 . 1977e+03 

1.0000e+00 

- 
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Table 9. Zeros Of Appendix 
Gain = 4.1678e+02 ft/s^2/rad 


Root Location (1/s) 


2 . 8583e-02 


-6.4979e-01 


-l*3543e+00 


-2 . 6731e+00 


2 .6570e+00+ 


2 . 6570e+00- 


-3 . 8479e+00+ 


-3 . 8479e+00“ 


-8 .3750e+00+ 


-8 .3750e+00- 


-1 . 1044e+01+ 


-1.1044e+01- 


-1.3887e+00+ 


-1.3887e+00- 


-1.3873e+01+ 


-1.3873e+01- 


-1.7334e-01+ 


-1.7334e-01- 


-1.7557e+01 


-1 .8996e+01 


1 . 0835e+00+ 


1.0835e+00- 


-1.4395e+00+ 


-1.4395e+00- 


-2.5923e-01+ 


-2.5923e-01- 


-2.0014e+01 


-2.0980e+01 


-2.2015e+01 


-2 .2995e+01 


-2 .4001e+01 


-2 . 9927e-01+ 


-2 . 9927e-01- 


-2 . 9460e+01 


-2 . 8137e+00+ 


-2.8137e+00- 


9 .4830e-01+ 


9 . 4830e-01- 


9.7969e+00+ 


9 .7969e+00- 


-4 . 9144e+00+ 


-4 . 9144e+00- 


5 . 3740e+01 


-7 . 1092e-01+ 


-7 . 1092e-01- 


-5 . 7376e+01 


-3 . 5922e+00+ 


-3.5922e+00- 


-8.2971e-01+ 


-8 . 2971e-01- 


-6 . 8153e-01+ 


-6 . 8153e-01- 


-8 . 8967e+00+ 


C Model For 1,850 in Vertical Acceleration To Elevator Channel 


2 . 7515e+00i 


2 . 7515e+00i 


1 . 9085e+00i 


1.9085e+00i 


7 . 0143e-01i 


7 . 0143e-01i 


4 . 9147e-01i 


4 . 9147e-01i 


1 . 4743e+01i 


1.4743e+01i 


8 . 8758e+00i 


8 . 8758e+00i 


1.7261e+01i 


1 . 7261e+01i 


1. 8987e+01i 


1.8987e+01i 


1.9328e+01i 


1.9328e+01i 


1.9634e+01i 


1. 9634e+01i 


2 .4438e+01i 


2 . 4438e+01i 


4 ,2076e+01i 


4 . 2076e+01i 


4 . 3830e+01i 


4 .3830e+01i 


4 . 4541e+01i 


4 . 4541e+01i 


4 . 5883e+01i 


4 . 5883e+01i 


5 . 6392e+01i 


5 . 6392e+01i 


6 . 1227e+01i 


6 . 1227e+01i 


6.2326e+01i 


6 . 2326e+01i 


6 . 3081e+01i 


6 . 3081e+01i 


7.3147e+01i 


. {rad /s) 


0 


2 . 8583e-02 


6.4979e-01 


2 . 6731e+00 


3 . 8250e+00 


3 . 8250e+00 


4 . 2952e+00 


4 . 2952e+00 


8 . 4043e+00 


8 . 4043e+00 


1 . 1055e+01 


1 . 1055e+01 


1.4809e+01 


1 . 4809e+01 


1.6469e+01 


1.6469e+01 


1.7262e+01 


1 . 7262e+01 


1.7557e+01 


1 . 8996e+01 


1.9018e+01 


1.9018e+01 


1.9381e+01 


1 . 9381e+01 


1.9636e+01 


1.9636e+01 


2 . 0014e+01 


2 . 0980e+01 


2 . 2015e+01 


2 . 2995e+01 


2 . 4001e+01 


2 .4440e+01 


2 . 4440e+01 


2 . 9460e+01 


4 .2170e+01 


4 . 2170e+01 


4 .3840e+01 


4 . 3840e+01 


4 . 5606e+01 


4 . 5606e+01 


4 . 6145e+01 


4 . 6145e+01 


5 .3740e+01 


5 . 6396e+01 


5 . 6396e+01 


5 .7376e+01 


6 . 1332e+01 


6 . 1332e+01 


6.2331e+01 


6 . 2331e+01 


6 . 3085e+01 


6 . 3085e+01 


7 . 3686e+01 


ing (-) 


1 . 0000e+00 


-1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


-6 „9465e-01 


-6 . 9465e-01 


8 . 9586e-01 


8 . 9586e-01 


9 . 9651e-01 


9 . 9651e-01 


9 . 9901e-01 


9 . 9901e-01 


9 . 3778e-02 


9 . 3778e-02 


8 . 4235e-01 


8 . 4235e-01 


1.0042e-02 


1.0042e-02 


1 . 0000e+00 


1.0000e+00 


-5 . 6971e-02 


“5 . 6971e-02 


7 . 4273e-02 


7 . 4273e-02 


1.3202e-02 


1 . 3202e-02 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.0000e+00 


1.0000e+00 


l-2245e-02 


1 . 2245e-02 


1.0000e+00 


6.6724e-02 


6 . 6724e-02 


-2 . 1631e-02 


-2 . 1631e-02 


-2.1482e-01 


-2.1482e-01 


1.0650e-01 


1 . 0650e-01 


-1 . 0000e+00 


1 . 2606e-02 


1.2606e-02 


1 . 0000e+00 


5 . 8569e-02 


5 . 8569e-02 


1 . 3311e-02 


1 . 3311e-02 


1 . 0803e-02 


1 . 0803e-02 


1 . 2074e-01 


Description 
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1 -8 . 8967e+00- 

7.3147e+01i 

7 . 3686e+01 

1 . 2074e-01 

- 

1.4421e+02 

1. 4421e+02 

-1.0000e+00 

- 

“1.3435e+02+ 

1.3435e+02i 

1. 9000e+02 

7 . 0710e-01 

- 

-1.3435e+02- 

1 . 3435e+02i 

1. 9000e+02 

7 . 0710e-01 

- 

-1.4142e+02+ 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1 . 4142e+02- 

1.4142e+02i 1 




-1.4849e+02+ 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7.0710e-01 

- 

-1.5556e+02+ 

1.5556e+02i 

2 . 2000e+02 

7 .0710e-01 

- 

-1.5556e+02- 

1.5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1.6263e+02+ 

1.6263e+02i 


7 ,0710e-01 

- 

-1 . 6263e+02- 

1 . 6263e+02i 

2 . 3000e+02 

7 ,0710e-01 

- 

-1.6970e+02+ 

1 . 6970e+02i 

2.4000e+02 

7 . 0710e-01 


-1.6970e+02- 

1.6970e+02i 

2 . 4000e+02 

7 . 0710e-01 

- 
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Gain = -4.7630e+04 ft/s A 2/rad 


Hoot Location (1/s) 


0 


2. 9119e-02 


-6.3989e-01 


7 . 8598e-01 


-1 . 1694e+00 


-1.3669e+00 


-4 .3328e+00 


-2 . 5960e-01+ 

4 . 9448e+00i 

-2.5960e-01- 

4 . 9448e+00i 

-8.3225e+00+ 

8 . 9255e-02i 

-8.3225e+00- 

8.9255e-02i 

-1.0314e+01 S 


-1.1198e+01 


-3 . 5672e-01+ 


-3 . 5672e-01- 


-1 . 2942e+01 


1 . 1791e+01i 


1.1791e+01i 


-1.1789e+00+ 

1 . 5827e+01i 

-1.1789e+00- 

1. 5827e+01i 

“1 . 7752e-01+ 

1 . 7268e+01i 

-1 . 7752e-01- 

1.7268e+01i 

-1.8048e+01 T 


-1 . 9024e+01 


-2.1381e-01+ 


-2.1381e-01- 


-2 . 1068e+01 


-2 . 1947e+01 


-2.3022e+01 


-2.3997e+01 


-3.0124e-01+ 


-3.0124e-01- 


3 . 5416e-01+ 


-3 ♦ 5416e-01- 


-3.4326e+01 


-1 . 9588e-01+ 


-1.9588e-01- 


-1.0383e+00+ 


-1.0383e+00- 


-5.4531e+00+ 


-5.4531e+00- 


_5-79b3e+00+ 


_ 5 1 7963e+00- 


-4 . 6655e+01+ 


-4 . 6655e+01- 


-5 . 8572e-01+ 


-5 . 8572e-01- 


-7.9841e-01+ 


-7.9841e-01- 


-3 . 4317e+00+ 


-3 . 4317e+00- 


-8 . 3454e-01+ 


-8.3454e-01- 


2 . 0099e+01i 


2 . 0099e+01i 


2 . 4214e+01i 


2 . 4214e+01i 


2 . 4936e+01i 


2 . 4936e+01i 


3 . 6283e+01i 


3 . 6283e+01i 


4 . 4917e+01i 


4 . 4917e+01i 


4 . 8488e+01i 


4 . 8488e+01i 


4 . 8633e+01i 


4 . 8633e+01i 


2 . 6440e+01i 


2 . 6440e+01i 


5 . 5390e+01i 


5.5390e+01i 


5 . 8967e+01i 


5 . 8967e+01i 


6 . 1268e+01i 


6.1268e+01i 


6 . 2375e+01i 


6 . 2375e+01i 


. (rad/s) 


0 


2 . 9119e-02 


6 . 3989e-01 


7 . 8598e-01 


1.1694e+00 


1.3669e+00 


4 . 3328e+00 


4 . 9516e+00 


4 . 9516e+00 


8 . 3230e+00 


8 . 3230e+00 


1.0314e+01 


1.1198e+01 


1 . 1796e+01 


1 . 1796e+01 


1 . 2942e+01 


1.5871e+01 


1 - 5871e+01 


1.7268e+01 


1.7268e+01 


1. 8048e+01 


1.9024e+01 


-4.1523e-01+ 1.9484e+01i 

1.9489e+01 

-4. 1523e-01- 1.9484e+01i 

1.9489e+01 

-1.9948e+01 

1.9948e+01 


2 . 0100e+01 


2 . 0100e+01 


2 . 1068e+01 


2 . 1947e+01 


2 .3022e+01 


2 . 3997e+01 


2 .4216e+01 


2 . 4216e+01 


2 . 4938e+01 


2 . 4938e+01 


3 . 4326e+01 


3 . 6283e+01 


3 . 6283e+01 


4.4929e+01 


4.4929e+01 


4.8794e+01 


4 . 8794e+01 


4 . 8978e+01 


4 . 8978e+0l 


5 . 3627e+01 


5 . 3627e+01 


5 . 5393e+01 


5 . 5393e+01 


5 . 8973e+01 


5 . 8973e+01 


6. 1364e+01 


6.1364e+01 


6.2381e+01 


6 .2381e+01 


Damping { - ) 


1 . 0000e+00 


-1 . 0000e+00 


1 . 0000e+00 


-1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


5.2427e-02 


5 .2427e-02 


9 . 9994e-01 


9 » 9994e-01 


1 . 0000e+00 


1.0000e+00 


3 . 0240e-02 


3.0240e-02 


1 . 0000e+00 


7 . 4282e-02 


7 .4282e-02 


1.0280e-02 


1 . 0280e-02 


1 . 0000e+00 


1 . 0000e+00 


2 . 1306e-02 


2.1306e-02 


1 . 0000e+00 


1 . 0637e-02 


1 . 0637e-02 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


1.0000e+00 


1.2440e-02 


1 . 2440e-02 


1.4201e-02 


1 . 4201e-02 


1.0000e+00 


5 . 3988e-03 


5.3988e-03 


2 . 3111e-02 


2.3111e-02 


1 . 1176e-01 


1 . 1176e-01 


-1.1835e-01 


-1 . 1835e-01 


8.7001e-01 


8 . 7001e-01 


1.0574e-02 


1 . 3539e-02 


1.3539e-02 


5 . 5924e-02 


5 . 5924e-02 


1 . 3378e-02 


1 . 3378e-02 


Description 
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ntinued 


-6 . 5819e-01+ 

6 . 4598e+01i 

6 . 4601e+01 

1 . 0188e-02 

- 

-6 - 5819e-01- 

6.4598e+01i 

6.4601e+01 

1.0188e-02 

- 

-1.3435e+02+ 

1.3435e+02i 

1.9000e+02 

7 . 0710e-01 

- 

-1.3435e+02- 

1.3435e+02i 

1.9000e+02 



-1.4142e+02+ 

1.4142e+02i 

2 . OGOOe+02 

7.0710e-01 

- 

-1.4142e+02- 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1.4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7.0710e-01 

- 

-1.4849e+02- 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.5556e+02+ 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1.5556e+02- 

1.5556e+02i 

2 . 2000e+02 

7 .0710e-01 

- 

-1 . 6263e+02+ 

1.6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1.6263e+02- 

1.6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1.6970e+02+ 

1 . 6970e+02i 

2 . 4000e+02 

7 ,0710e-01 

- 

-1.6970e+02- 

1.6970e+02i 

2 . 4000e+02 

7 .0710e-01 

- 
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^ M _Tg£^g M j^__Zeros_Of Appendix C Model For 400 
Gain = -1.1449e+08 ft/s A 2/rad 


Root Location (1/s) 


in Vertical Acceleration To Vane Channel 


3 . 0288e-02 


-6.5797e-01 


-3.5405e-01+ 

8.4868e-01i 

-3.5405e-01- 

8.4868e-01i 

-1.3617e+00 ! 

-I. 8699e-01+ 

3 . 7613e+00i 

-1. 8699e-01- 

3 . 7613e+00i 


-4.2833e+00 


-8 ,2366e+00 


-9 . 0232e+00 


-9 . 5754e+00 


-1.1242e+01 


-6.8811e-01+ 

1 . 1874e+01i 

-6.8811e-01- 

1. 1874e+01i 

-1.3531e+01 1 


-1.1220e+00+ 

1 . 6234e+01i 

-1.1220e+00- 

1.6234e+01i 

-1.8133e-01+ 

1.7270e+01i 

-1.8133e-01- 

1.7270e+01i 

-1.8889e+01 j 


-1 , 9084e+01 


-4 . 7644e-01+ 

1 . 9255e+01i 

-4 . 7644e-01- 

1.9255e+01i 

-1.9882e-01+ 

1 . 9819e+01i 

-1. 9882e-01“ 

1. 9819e+01i 

-1.9966e+01 I 


-2 . 1029e+01 


-2 . 1982e+01 


-2.3007e+01 


-3.2989e-01+ 2 . 3711e+01i 


-3.2989e-01- 


-2 .4000e+01 


-1.8381e+00+ 


-1.8381e+00- 


-2 . 9319e+01 


-5.2959e-01+ 


-5.2959e-01- 


-9.1753e-01+ 


-9.1753e-01- 


-6 . 5603e-01+ 


-6.5603e-01- 


-9 .0926e-01+ 


-9 . 0926e-01- 


-7.4626e-01+ 


-7 .4626e-01- 


-8 . 7183e-01+ 


-8.7183e-01- 


-3 .2372e+Q0+ 


-3 . 2372e+00- 


-8 . 3211e-01+ 


-8-3211e-01“ 


-7 . 4028e-01+ 


-7.4028e-01- 


2 . 3711e+01i 


2 . 9033e+01i 


2 . 9033e+01i 


3 . 4214e+01i 


3 . 4214e+01i 


4 . 2387e+01i 


4 . 2387e+01i 


4 . 6162e+01i 


4 . 6162e+01i 


5 . 3517e+01i 


5 . 3517e+01i 


5 . 6027e+01i 


5 . 6027e+01i 


6 . 0194e+01i 


6 . 0194e+01i 


6 . 1411e+01i 


6.1411e+01i 


6.2361e+01i 


6.2361e+01i 


6 . 4952e+01i 


6 . 4952e+01i 


. (rad/s) 


0 


3 . 0288e-02 


6 . 5797e-01 


9 . 1957e-01 


9 . 1957e-01 


1.3617e+00 


3.7660e+00 


3.7660e+00 


4 . 2833e+00 


8 . 2366e+00 


9 . 0232e+00 


9 . 5754e+00 


1.1242e+01 


1.1894e+01 


1 . 1894e+01 


1.3531e+01 


1 . 6273e+01 


1 . 6273e+01 


1.7271e+01 


1.7271e+01 


1 . 8889e+01 


1.9084e+01 


1.9261e+01 


1.9261e+01 


1.9820e+01 


1.9820e+01 


1 . 9966e+01 


2 . 1029e+01 


2 . 1982e+01 


2 . 3007e+01 


2 . 3713e+01 


2 . 3713e+01 


2 . 4000e+01 


2 . 9091e+01 


2 . 9091e+01 


2 . 9319e+01 


3 . 4218e+01 


3.4218e+01 


4.2397e+01 


4 . 2397e+01 


4 . 6166e+01 


4 . 6166e+01 


5 .3524e+01 


5 . 3524e+01 


5 . 6032e+01 


5 . 6032e+01 


6 . 0201e+01 


6 . 0201e+01 


6. 1497e+01 


6. 1497e+01 


6 . 2367e+01 


6.2367e+01 


6 . 4956e+01 


6.4956e+01 


1 . 0000e+00 


-1.0000e+00 


1 . 0000e+00 


3.8501e-01 


3 . 8501e-01 


1.0000e+00 


4 . 9652e-02 


4 . 9652e-02 


1.0000e+00 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


5 . 7853e-02 


5 . 7853e-02 


1.0000e+00 


6 . 8946e-02 


6.8946e-02 


1 . 0500e-02 


1.0500e-02 


1.0000e+00 


1 . 0000e+00 


2 . 4736e-02 


2 . 4736e-02 


1.0031e-02 


1 . 0031e-02 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1.3912e-02 


1 . 3912e-02 


1 . 0000e+00 


6 . 3183e-02 


6 . 3183e-02 


1 . 0000e+00 


1.5477e-02 


1 . 5477e-02 


2 . 1641e-02 


2 . 1641e-02 


1 . 4210e-02 


1.4210e-02 


1 . 6988e-02 


1.6988e-02 


1.3318e-02 


1.3318e-02 


1 . 4482e-02 


1.4482e-02 


5 ,2640e-02 


Description 



1 . 1397e-02 


1 . 1397e-02 
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| Table 11. Co 

ntinued 


-1.3435e+02+ 

1.3435e+02i 

1. 9000e+02 

7 . 0710e-01 

- 

-1.3435e+02- 

1.3435e+02i 

1.9000e+02 

7 .0710e-01 

- 

-1.4142e+02+ 

1 .4142e+02i 

2 .0000e+02 

7.0710e-01 

- 

-1.4142e+02- 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1.4849e+02+ 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1 . 4849e+02- 

1 . 4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1.5556e+02+ 

1 . 5556e+02i 

2 . 2000e+02 

7.0710e-01 

- 

-1.5556e+02- 

1.5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1.6263e+02+ 

1 . 6263e+02i * 

2 . 3000e+02 

7 .0710e-01 

- 

-1.6263e+02- 

1.6263e+02i 

2 .3000e+02 

7.0710e-01 

- 

-1.6970e+02+ 

1 . 6970e+02i 

2 . 4000e+02 

7 ,0710e-01 

- 

-1.6970e+02- 

1.6970e+02i 

2 . 4000e+02 

7 . 0710e-01 

- 
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Gain = 4.1381e+06 ft/s^2/rad 


Root Location (1/s) 


0 


3.0796e-02 


-6.4906e-01 


-1.3655e+00 





-4 . 6747e-01+ 

1.5489e+00i 

-4 . 6747e-01“ 

1 . 5489e+00i 

-4 . 3712e+00+ 

1.1292e+00i 

-4.3712e+00- 

1. 1292e+00i 

5 . 7079e+00 

-8.7026e+00 

-9 ,5564e+00+ 

8. 1969e-01i 

-9.5564e+00- 

8 . 1969e-01i 

-1.1263e+01 1 

-8.0603e-01+ 

1 . 1445e+01i 

-8 , 0603e-01- 

1 . 1445e+01i 

-1.3651e+01 r 


-1.2638e+00+ 

1.6703e+01i 

-1.2638e+00- 

1. 6703e+01i 

-1 . 8474e-01+ 

1.7266e+01i 

-1.8474e-01- 

1 . 7266e+01i 

-1.8733e+01 1 


-1 . 9001e+01 


-3 . 0507e-01+ 1 . 9575e+01i 


-3 . 0507e-01- 1 . 9575e+01i 


-1 . 9995e+01 


-2.1009e+01 


-3 . 5986e-01+ 2 . 1410e+01i 


-3 . 5986e-01- 2 . 1410e+01i 


-2 . 1991e+01 


-2.3006e+01 


-2.3999e+01 


-4 ♦ 1818e-01+ 2 . 5738e+01i 


-4 . 1818e-01- 2 . 5738e+01i 


-2 . 9350e+01 


-1 . 8446e+00+ 2 . 9947e+01i 


-1 . 8446e+00- 2 . 9947e+01i 


-9.1895e-01+ 4 . 2422e+01i 


9. 1895e-01- 4 . 2422e+01i 


-9 . 3715e-01+ 4 . 7993e+01i 


-9.3715e-01- 4.7993e+01i 


-1.6170e+01+ 5 . 1722e+01i 


-1 . 6170e+01- 5 . 1722e+01i 


_1^5907e+01+ 5 . 2752e+01i 


_l J _5907e+01- 5 . 2752e+01i 


-9.8295e-01+ 5 . 5499e+01i 


-9 . 8295e-01- 5.5499e+01i 


-7 . 8327e-01+ 5.7572e+01i 


- 1 . 8327e-01- 5 . 7572e+01i 


-3 . 3305e+00+ 6 . 1438e+01i 


-3 , 3305e+Q0~ 6.1438e+01i 


-8 . 0793e-01+ 6.2360e+01i 


-8.0793e-01- 6.2360e+01i 


-5 . 4590e-01+ 6 . 7212e-t-01i 


-5 . 4590e-01- 6.7212e+01i 


3 . 0796e-02 


6.4906e-01 


1.3655e+00 


1 . 6179e+00 


1 . 6179e+00 


4 . 5147e+00 


4 . 5147e+00 


5 . 7079e+00 


8 .7026e+00 


9 . 5915e+00 


9 . 5915e+00 


1.1263e+01 


1 . 1473e+01 


1.1473e+01 


1.3651e+01 


1 . 6751e+01 


1 . 6751e+01 


1.7267e+01 


1 . 7267e+01 


1.8733e+01 


1.9001e+01 


1 . 9577e+01 


1.9577e+01 


1.9995e+01 


2 . 1009e+01 


2.1413e+01 


2 . 1413e+01 


2 . 1991e+01 


2.3006e+01 


2 . 3999e+01 


2 . 5741e+01 


2 . 5741e+01 


2 . 9350e+01 


3.0003e+01 


3 . 0003e+01 


4 .2432e+01 


4 . 2432e+01 


4 . 8002e+01 


4 . 8002e+01 


5 . 4191e+01 


5 .4191e+01 


5 . 5098e+01 


5 . 5098e+01 


5 . 5507e+01 


5 . 5507e+01 


5 . 7577e+01 


5 . 7577e+01 


6 . 1528e+01 


6 . 1528e+01 


6. 2365 e+ 01 


6 . 2365e+01 


6 . 7214e+01 


6 . 7214e+01 


ing (-) 


1 . 0000e+00 


-1 . 0000e+00 


1 . 0000e+00 


1 . 0000e+00 


2 . 8894e-01 


2 . 8894e-01 


9 ,6822e-01 


9 . 6822e-01 


-1 . 0000e+00 


1 . 0000e+00 


9 * 9634e-01 


9 . 9634e-01 


1.0000e+00 


7 . 0253e-02 


7 . 0253e-02 


1.0000e+00 


7 . 5444e-02 


7 . 5444e-02 


1.0699e-02 


1 . 0699e-02 


1.0000e+00 


1.0000e+00 


1 . 5583e-02 


1 . 5583e-02 


1 . 0000e+00 


1.0000e+00 


1 . 6806e-02 


1.6806e-02 


1 . 0000e+00 


1.0000e+00 


1.0000e+00 


1 . 6246e-02 


1.6246e-02 


1.0000e+00 


6 . 1478e-02 


6 . 1478e-02 


2 . 1657e-02 


2 . 1657e-02 


1 - 9523e-02 


1.9523e-02 


2 . 9839e-01 


2 . 9839e-01 


-2 . 8871e-01 


-2.8871e-01 


1.7708e-02 


1.7708e-02 


1.3604e-02 


1.3604e-02 


5 . 4129e-02 


5 .4129e-02 


1.2955e-02 


1.2955e-02 


8 . 1218e-03 


8 . 1218e-03 


Description 
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| Table 12. Continued 


-1.3435e+02+ 

1 . 343Se+02i 

1 . 9000e+02 

7.0710e-01 

- 

-1. 3435e+02- 

1 . 3435e+02i 

1.9000e+02 

7 . 0710e-01 

- 

-1.4142e+02+ 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1.4142e+02- 

1 . 4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1.4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7,0710e-01 

- 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

* 

-1. 5556e+02+ 

1 . 5556e+02i 

2.20QOe+02 

7.0710e-01 

- 

-1. 5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7.0710e-01 

- 

-1. 6263e+02+ 

1 . 6263e+02i 

2 . 3000e+02 

7 . 0710e-01 

- 

-1. 6263e+02- 

1 . 6263e+02i 

2 .3000e+02 

7 .0710e-01 

- 

-1 . 6970e+02+ 

1.6970e+02i 

2.4000e+02 

7.0710e-01 

- 

-1. 6970e+02- 

1 . 6970e+02i 

2 .4000e+02 

7.0710e-01 

- 


52 







































Table 13 . Zeros Of Appendix 


Gain = -7.7040e+06 ft/s A 2/rad 


Root Location (1/s) 


3 . 1449e-02 


-6 .3766e-01 


1 . 0518e+00 


-1 . 3765e+00+ 7 . 2361e-02i 


C Model For 3,460 in Vertical Acceleration To Vane Channel 


-1.3765e+00- 


-3.7560e+00 


5. 8962e+00 


-6 . 1385e+00 


-8 . 3526e+00 


-9 . 6928e+00+ 


-9 . 6928e+00- 


-1.1071e+01 


-1.3098e+01 


-1.2120e+00+ 


-1 . 2120e+00- 


-1.6628e+01 


-1.7340e-01+ 


-1.7340e-01- 


-7 . 5721e-01+ 


-7 . 5721e-01- 


-1 . 8999e+01 


-2 . 1367e-01+ 


-2.1367e-01- 


-2 . 0002e+01 


-2 . 0998e+01 


-2.2000e+01 


-2.3002e+01 


-2.4000e+01 


-3 . 6037e-01+ 


-3 . 6037e-01- 


-1.0870e+01+ 


-1.0870e+01- 


7 . 2361e-02i 


1.6130e+00i 


1 . 6130e+00i 


1 . 4118e+01i 


1.4118e+01i 


1.7262e+01i 


1.7262e+01i 


1.8654e+01i 


1. 8654e+01i 


1 . 9685e+01i 


1.9685e+01i 


2 . 4479e+01i 


2.4479e+01i 


2 . 4768e+01i 


2 . 4768e+01i 


1.0929e+01+ 2 . 5099e+01i 


1.0929e+01- 


-2 . 9881e+01 


-2 . 0788e+00+ 


-2 . 0788e+00- 


-9 . 1714e-01+ 


-9 . 1714e-01- 


-9.1751e-01+ 


-9.1751e-01- 


-7 . 2960e-01+ 


-7.2960e-01- 


-9 .2873e+00+ 


-9 . 2873e+00- 


8 . 9230e+00+ 


8 . 9230e+00- 


-3 . 2882e+00+ 


-3 . 2882e+00- 


- 1 . 8271e-01+ 


- 1 . 8271e-01- 


-1.6643e-01+ 


-1 . 6643e-01- 


2 . 5099e+01i 


3 . 1234e+01i 


3 . 1234e+01i 


4 . 1970e+01i 


4 . 1970e+01i 


5 . 1169e+01i 


5 . 1169e+01i 


5 . 6666e+01i 


5 . 6666e+01i 


5 . 6050e+01i 


5 . 6050e+01i 


5 . 6264e+01i 


5 . 6264e+01i 


6 . 1217e+01i 


6 . 1217e+01i 


6 . 2420e+01i 


6.2420e+01i 


6 . 8400e+01i 


6 . 8400e+01i 


. (rad/s) 


0 


3 . 1449e-02 


6.3766e-01 


1.0518e+00 


1 . 3784e+00 


1.3784e+00 


3 . 7560e+00 


5 . 8962e+00 


6 . 1385e+00 


8 . 3526e+00 


9 . 8261e+00 


9 . 8261e-t-00 


1 . 1071e+01 


1 . 3098e+01 


1.4170e+01 


1.4170e+01 


1 . 6628e+01 


1.7263e+01 


1.7263e+01 


1.8669e+01 


1.8669e+01 


1.8999e+01 


1.9686e+01 


1.9686e+01 


2 . 0002e+01 


2 . 0998e+01 


2 . 2000e+01 


2 . 3002e+01 


2.4000e+01 


2 . 4481e+01 


2 . 4481e+01 


2.7048e+01 


2 . 7048e+01 


2 . 7375e+01 


2 . 7375e+01 


2 . 9881e+01 


3 . 1303e+01 


3 . 1303e+01 


4 . 1980e+01 


4 . 1980e+01 


5 . 1177e+01 


5 . 1177e+01 


5 „ 6671e+01 


5 . 6671e+01 


5 . 6814e+01 


5 . 6814e+01 


5 . 6967e+01 


6 . 1305e+01 


6 . 1305e+01 


6 . 2425e+01 


6 . 2425e+01 


6 . 8401e+01 


6 . 8401e+01 


Description 


1 . 0000e+00 


-1 . 0000e+00 


1.0000e+00 


-1.0000e+00 


9 . 9862e-01 


9 . 9862e-01 


1 . 0000e+00 


-1.0000e+00 


1 . 0000e+00 


1.0000e+00 


9 . 8643e-01 


9 . 8643e-01 


1.0000e+00 


1 . 0000e+00 


8 . 5535e-02 


8 . 5535e-02 


1 . 0000e+00 


1.0045e-02 


1.0045e-02 


4 . 0560e-02 


4 . 0560e-02 


1 . 0000e+00 


1 . 0854e-02 


1 . 0854e-02 


1.0000e+00 


1 . 0000e+00 


1.0000e+00 


1 . 0000e+00 


1 . 0000e+00 


1 . 4720e-02 


1.4720e-02 


4 . 0187e-01 


4 . 0187e-01 


-3 . 9925e-01 


-3 . 9925e-01 


1.0000e+00 


6.6409e-02 


6 . 6409e-02 


2 . 1847e-02 


2.1847e-02 


1.7928e-02 


1.7928e-02 


1 . 2874e-02 


1.2874e-02 


1 . 6347e-01 


1 . 6347e-01 


-1.5663e-01 


-1.5663e-01 


5 . 3637e-02 


5 . 3637e-02 


1.2538e-02 


1 . 2538e-02 


2 . 4332e-03 


2 . 4332e-03 
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| Table 13 . Continued I 

-1. 3435e+02+ 

1.3435e+02i 

1 . 9000e+02 

7 . 0710e-01 

- 

-1. 3435e+02- 

1.3435e+02i 

1 . 9000e+02 

7.0710e-01 

- 

-1.4142e+02+ 

1.4142e+02i 

2 . 0000e+02 

7.0710e-01 

- 

-1 . 4142e+02- 

1.4142e+02i 

2 . 0000e+02 

7 . 0710e-01 

- 

-1 . 4849e+02+ 

1 . 4849e+02i 

2 . 1000e+02 

7 „ 0710e-01 

- 

-1.4849e+02- 

1.4849e+02i 

2 . 1000e+02 

7 . 0710e-01 

- 

-1 . 5556e+02+ 

l*5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

~1 . 5556e+02- 

1 . 5556e+02i 

2 . 2000e+02 

7 . 0710e-01 

- 

-1.6263e+02+ 

1 . 6263e+02i 

2 , 3000e+02 

7 . 0710e-01 

- 

-1. 6263e+02- 

1 . 6263e+02i 

2 .3000e+02 

7 . 0710e-01 

- 

-1- 6970e+02+ 

1 . 6970e+02i 

2 . 4Q00e+02 

7 . 0710e-01 

- 

-1. 6970e+02- 

1 . 6970e+02i 

2 . 4000e+02 

7.0710e-01 

- 
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Figure 16. Frequency Response Of Appendix C Model 
For 400 in Pitch Rate To Elevator Channel 
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Figure 17. Frequency Response Of Appendix C Model 
For 1,850 in Pitch Rate To Elevator Channel 
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Figure 18. Frequency Response Of Appendix C Model 
For 3,460 in Pitch Rate To Elevator Channel 
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Figure 19. Frequency Response Of Appendix C Model 
For 400 in Pitch Rate To Vane Channel 
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Figure 21. Frequency Response Of Appendix C Model 
For 3,460 in Pitch Rate To Vane Channel 
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Figure 22. Frequency Response Of Appendix C Model 
For 400 in Vertical Acceleration To Elevator Channel 
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Figure 24. Frequency Response Of Appendix C Model 
For 3,460 in Vertical Acceleration To Elevator Channel 
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Figure 27. Frequency Response Of Appendix C Model 
For 3,460 in Vertical Acceleration To Vane Channel 
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Figure 28. Structural Mode Shape Data - Mass Case M3 A 
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C. Forward Vane Development 

Due to the predicted infeasibility of aft tail only inner loop FCS architectures, alternate 
means to elicit the necessary control forces to damp structural vibrations and augment pitch 
motions were considered. Based on the demonstrated potential of other similar vehicles, attention 
has focused on utilization of small forward vanes as altemate/additional control surfaces. The 
current HSCT configuration does not have an ability to generate control loads near the forward 
fuselage. Therefore, inclusion of hypothetical forward lifting surfaces, and their effects upon the 
existing vehicle math model characteristics, to fulfill such a role has been undertaken. To avoid 
burdens associated with high-fidelity modeling techniques utilized by the nonlinear simulation tool 
and ISAC, and to allow a relatively quick investigation to probe the benefits and/or deficiencies of 
the candidate vane surfaces, a "first cut" modeling procedure is utilized and discussed next. 

Figs. 29-30 indicate the vane geometry and its appearance on the HSCT configuration. 
The vane planform is a scaled version of the horizontal tail shape. Exposed surface area is 5 V = 
177.5 ft 2 , which is 2.5% of the wing reference area and 25.26% of the horizontal tail exposed 
area. Mean aerodynamic chord and span, based on exposed area, are Cy = 12.94 ft and By = 
15.58 ft, respectively, giving an aspect ratio of A v = 1.367. Leading and trailing edge sweep 
angles are A LEy = 54.23 deg and A TEy = -25.55 deg. The quarter chord point, along the mean 
aerodynamic chord, is mounted to the fuselage at station 400 in, just aft of the crew station. Other 
geometric data is indicated in Fig. 29. 

The original Cycle 1/ISAC model from Appendix D in Ref. 13 serves as the backbone, to 
which vane effects are added by a first order, component build-up procedure making use of 
empirical lifting surface predictions and structural vibration characteristics. Ref. 17 provides the 
basic foundation for such a procedure. The vane is taken to be a rigid massless surface, and any 
effects on the structural model, in terms of vehicle mass and rotational inertias and modal vibration 
characteristics, are neglected. Further, the vane panel is assumed to be very thin with symmetric 
upper and lower surface profiles. The vane will be an all flying surface with rotation about the 
mean aerodynamic quarter chord point. Only vane lift is accounted for, vane pitch moment 
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Sy =177.50 ft 2 (based on exposed area) 
Cy = 1 2.94 ft (based on exposed area) 
by=15.58ft (based on exposed area) 
A v =1.367 
A LEy = 54.23 deg 
A TE V = ~ 25.55 deg 


x s y 



Figure 29. Vane Geometry 
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Figure 30. HSCT Configuration With Vane 





Vane 
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Figure 31. Vane Modeling Summary 



about the rotation line is taken as zero and drag forces are neglected. Interference effects from the 
vane on downstream components are also ignored. The vane normal load is allowed to excite 
rigid-body and structural degrees of freedom, but not the unsteady aerodynamic states. New 
control derivatives arising from the vane, as well as vane contributions to the existing vehicle 
stability derivatives, are considered in the modeling procedure (i.e., modifications to the original 
state space A and B matrices in Eq. (2.1) are considered). 

The vane modeling procedure is summarized in Fig. 31. Generation of vane angle of attack 
(a v ) originates from several sources: rigid-body plunge rate (w/V T ), rigid-body pitch rate 
(x v q/V T ), structural pitch ( i ) > structural plunge rate (fy't'i j/V T ), and control deflection (5y). 
The parameters x v , <J>j and t^’ denote the body x axis vane location, the ilh mode shape, and the i& 
mode slope. The local angle of attack results in the vane lift force (L v ), which is approximated as 
a pure body axis vertical force. The lift force is estimated from a common quasi-static empirical 

formula 21 for the vane lift curve slope coefficient, or 

L v = qS v CL Cl = C^a v 



2k A ^ 


2 + [ 


Ayjj tan 2 A 




( 1 +- 


l/2c 


) + 4] 


1/2 


p = (l -M 2 ) 1/2 



( 2 . 11 ) 




Mi 

V T 


+ 8 V 


In Eq. (2.11), q denotes dynamic pressure, M denotes Mach number, cX denotes the vane 

surface lift curve slope coefficient, and cj^ denotes the vane section lift curve slope coefficient 

(taken as 2 tc here). Finally, as indicated in Fig. 31, the vane lift force effect is inserted into the 
governing rigid and structural equations of motion, in particular the w, q, and T|j kinetic equations. 

Analytically, the affected equations of motion are 

w = ... + Z w w + Z q q + £ Z^.Tjj + £ Z^.fij + Z 6v 5 v + ... 

q = ... + M w w + M q q + £ + Mg y 5 v + ... (2.12) 
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Parameters of interest in Eq. (2.12) are the rigid and aeroelastic stability and control derivatives Z k , 
F i k wi th k = w, q, rij, f) j , 5 V . Other terms appear in these equations of motion but are not 
explicitly shown. Only stability derivatives explicitly appearing in Eq. (2.12) are modified to 
account for effects from the vane (i.e., existing baseline values appearing in Appendix D in Ref. 13 
are adjusted leading to the values listed in Appendix C). The vane control derivatives appearing in 
Eq. (2.12) are new terms. In addition to these equations, the vane actuator equations, similar to 
that shown in Eq. (2.6), are appended to the vehicle math model. 


The dimensional derivatives in Eq. (2.12) are defined as 


z — ^ c 
w ~ mV T U Z W 

M — q ^ c C 
w “ I yy V T C M W 

F- = qSC C 
■w mjV T 'w 

Z — 

q “ 2mV T Cz q 

“ 2i~ V T C M q 

F - ** C- 
>q 2 mjV T % 

"Hi _ m ^Z^. 


t- q5c ^ 

V % < 2 i3 > 

Z _ £ 

hi - 2mV T 

M - qSc2 C 
M 1i - 2I yy V T C »% 

F = qfc2 C. 
%j 2»,V T S j 

s v ” m < “Zg v 

qSc - 

^V" 1^ C M 6y 

F = C- 

1 5y 1 5y 

In these definitions, m and I yy 

denote the vehicle mass and pitch moment of inertia, wj denotes the 


structural vibration modal masses, 5 denotes the vehicle reference area, and c denotes the 
vehicle reference chord. Further, C Zk , C Mk , C ik with k = w, q, T|j, f| j , 5 V represent the stability 
and control derivatives in coefficient or nondimensional form, or 


- _ dc z 

r _ ^ C M 

r acj 

' z w 

M w B(wfVj) 

*w d(w/V T ) 

- _ 

c _ aC M 

r 9c i 

z q 3(cq/2Vj) 

M q a(cq/2V T ) 

! q d(cq/2V T ) 

£|f 

II 

tf 

r _ aC M 

Cw Tii drij 

r _ aC i 


73 



dCz 


/2V X ) 

dC z 


dC 


M 


d(er)j2V T ) 

, _^£m 

m§ v 9§\ 




aq 


rij a(cri j/2V T ) 

aq 

Cl 5v"5S^ 


Z 8 V “ ^"v ‘ ‘°V 17 U V 

Changes in dynamic pressure with respect to vertical speed variations are deemed small and 
neglected in Eq. (2.13) for this flight condition. 

Using a component build-up procedure, the vehicle aerodynamic body z axis force (F z ) 
and pitch moment (M), and the generalized force for each structural mode (Fj), have contributions 


from the body (B), wing (W), horizontal tail (H), and vane (V), or 

Fz = Fz+Fz^Fz+Fz 
m = m b + m w +m h +m v 

F . = F ? +F y +F n + F y 


(2.15) 


Dividing through by the vehicle reference area and reference chord in Eq. (2.15) yields 

5b r-B 
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where the notation is clear from previous definitions. Finally, the nondimensional derivatives in 
component form are 
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where k = w, q, r\ y fij , Sy The terms associated with the vane in Eq. (2.17) represent the new 
contributions which are added to the baseline values (i.e., the body, wing, and horizontal tail 
terms). 

Starting with the vane model in Eq. (2.1 1), the vane aerodynamic coefficients are 
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(2.18) 



-cL( 


or V- 


w x vq A ' , g , 

~ w + 8 v) 


T 


r v 

U M 


x v r v 


(— - 
a l V T 


^Vi -(h-V- Mi 


pV _ pV / w 
1 Cy L a ly T 


V T ^ V„ 


+ 5y) 
+ 5y) 


Taking the appropriate partial derivatives indicated in Eq. (2.14) yields the nondimensional 
derivatives 
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In summary, after inserting numerical values into Eq. (2.19) for the vane component 
nondimensional derivatives, back substitution is utilized with Eqs. (2.17), (2.13), and (2.12) to 
fold the vane characteristics into the overall vehicle dynamic stability and control characteristics. 

To assess the impact from the control vanes. Fig. 32 lists the percent change in the 
modified elements of the state space A matrix. Recall that some matrix elements are not pure 
aerodynamic stability derivatives, as one might conclude from Eq. (2.12), but rather are a 
combination of stability derivatives, speed terms from Coriolis accelerations, and structural 
compliance terms. Note some of the percent change values are extremely large due to a near zero 
original value. Fig. 33 lists similar information for the elements of the state space B matrix (which 
are all pure aerodynamic control derivatives). Since the vane control derivatives are new terms, 
percentage values can not be computed. Thus, elevator terms are shown for comparison. 

To understand and "validate" the model adjustments from the vane, consider several of the 
terms in Fig. 32, along with the geometry indicated in Fig. 31 and the characteristic deflection 
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shapes in Fig. 28. First consider Z w and M w . With a positive perturbation in w, the vane force is 
directed up, and the resulting change in Z w is negative (-1%), while that for M w is positive (+2%) 
since the vane is forward of the mass center. Next consider the terms U+Zq and Mq where U is 
defined in Appendix C. A positive perturbation in q leads to a down vane load. Consequently, 
U+Zq experiences a positive change (+1%) and Mq a negative one (-168%, down load at the nose). 
Note Mq experiences the largest change among these four terms. This large increase is traced to the 
Mq dependence on the square of the lever arm ( x^ in Eq. (2.19) ), while the other terms are only 
proportional to x v or 1. As an additional observation, the original relaxed stability mode (from 
Tab. 15 in Ref. 13) is located at +0.134 1/s in the complex plane, while the corresponding value 
from Tab. 1 in this report is +0.178 1/s. The destabilizing effect of the vane is thus apparent. 

Now consider several stability derivatives associated with rigid-elastic coupling through 
aerodynamic means. Assuming a positive perturbation in q 3 (structural nose up pitch, see Fig. 
28), the vane load will be directed up, leading to a negative change in (-6%). On the other 
hand, for a positive perturbation inf| 3 (structural up plunge), the vane load is pointed down 
and M f)3 experiences a negative change (-21%). For a positive perturbation in w, the vane load is 
up and this deflects the mode shape in a positive sense (see Fig. 28), thus F 3w undergoes a 
positive change (+4%). Finally, a positive perturbation in q yields a downward vane load inducing 
a negative change in F 3 ^ (-143%). This last effect is relatively large since F 3 ^ is proportional to 
the long moment arm and large modal deflection near the vehicle nose (xy and <j) 3 , see Eq. (2. 19) ). 

As for control derivatives, consider the data in Fig. 33. Positive vane deflection leads to an 
up load and negative Zg^ r and positive Mg^. since the vane is forward of the mass center. Up load 
also deflects the 3*d mode shape in the positive direction leading to positive F 3 g^ . Data in Fig. 33 
indicates vane plunge authority is of the same order of magnitude as that for elevator. Even though 
the vane is a much smaller surface relative to the horizontal tail, this observation can be traced to 
the vane being an all flying surface, while the elevator is only about 1/3 of the horizontal tail chord. 
Pitch authority is also roughly equivalent for the two inputs. Again, even though the vane surface 
area is much smaller, the lever arm for the vane is significantly larger when compared to the aft tail. 
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Actual Values 
Units: ft , s , rad 



S E 

5 V 

w 

-2 . 1582e+00 

-2 . 4285e+00 

q 

-7 . 0595e-02 

9 . 6527e-02 

1 

-4 . 0604e+03 

-3 . 7183e+03 

2 

2 . 5850e+03 

-1 . 9350e+03 

3 

-2 . 0286e+03 

1 . 4492e+03 

4 

- 6 . 8974e+02 

4 . 6036e+02 

5 

-3 . 4643e+02 

3 . 5372e+02 

6 

1.8715e+03 

-1 . 9682e+03 

7 

-1 . 9086e+02 

-1 . 5374e+03 

8 

-1 . 073 6e+04 

-8 . 2493e+02 

9 

-1 . 8711e+03 

1 . 8122e+03 

10 

-3 . 1457e+02 

5 . 4043e+01 

11 

-1.0017e+03 

9 . 1599e+02 

12 

1.8563e+03 

4 . 1833e+02 

13 

1.7076e+03 

-1 . 0465e+02 

14 

-5 . 9616e+02 

5 . 1265e+02 

15 

1 . 563 le-01 

-1 . 8079e+02 

16 

-9 . 1487e+01 

2 . 1740e+02 

17 

-7 . 2696e+01 

3 . 7251e+02 


Figure 33. Summary Of Control Derivative Modifications 
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These results "validate" the math model adjustments made to account for the vane, in the 
sense that each term has undergone a numerical change which possesses the correct sign, the 
correct magnitude, and can be tied back to the "physics". However, the fidelity of the vane model 
is only as good as the underlying theory, which is to first order here. Therefore, the Appendix C 
model characteristics will be utilized to explore new inner loop FCS architectures and control 
benefits offered by the vanes with these comments in mind. 
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Section III 

Assessment of Wykes Mode Suppression Logic 


A . Review of and Comment on Original Wykes Logic 

Upon reflection of the demonstrated achievements of John Wykes/North American 
Rockwell in connection with structural mode suppression logic for the XB-70 vehicle, 14 - 15 efforts 
were put forth in this contract to re-examine these control strategies in the context of HSCT. 
Significant mode suppression accomplishments, including flight test validation of control law 
performance, were achieved in the XB-70 program. In particular, SMCS architectures, based on 
aft control incorporating two sensors, one collocated with the aerodynamic surface input, were 
highly successful. In light of these observations, and considering the potential impact on 
configuration selection and program decision making (i.e., aft tail only or aft tail supplemented 
with forward vanes), it was felt prudent to investigate and apply the Wykes control logic to HSCT. 

In Refs. 14-15, aft control consisted of symmetric elevon deflections in the absence of a 
conventional tail. It is important to note the XB-70 canard was not utilized in the SMCS 
architectures. Other XB-70 features to keep in mind are 1) at low speeds the airframe is statically 
stable, 2) the rigid-body/aeroelastic modal frequency separation is approximately 10 rad/s, and 3) 
four structural modes exist in the frequency region below 30 rad/s. In comparison, HSCT is a 
considerably more modally dense and flexible vehicle (eight modes below 30 rad/s and rigid-elastic 
frequency separation of 6.5 rad/s). Further, the HSCT airframe has relaxed stability at low 
speeds. In its era, the XB-70 presented a difficult flight dynamics/structural vibration control 
problem, however, the HSCT configuration presents a significantly more difficult control 
challenge. 

The Wykes SAS/SMCS XB-70 control logic, as it would be directly applied to the HSCT 
in its original form, is illustrated in Fig. 34. The pitch SAS loop utilizes proportional-integral (PI) 
compensation in the feedback path with the forward path block consisting of static compensation. 
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This loop is closed on the forward sensor signal (1,850 in). The SMCS loop incorporates pure 
gain in a feedback block which is excited by a forward sensor/tail sensor difference signal. The tail 
sensor is collocated with the control input and would correspond to the elevator hinge line (3,460 
in) in the HSCT application. With the forward and tail rate gyro signals expressed as 

91850 = 9-£<¥ 1 850)1^ (3.1) 

93460 = 9 ~ X <t>j(3460) rj { 
the differenced SMCS feedback signal q d is 

9d = X (<¥3460) - <¥1850)} ^ (3.2) 

In essence, this feedback signal is devoid of rigid-body content and represents the difference 
between the structural pitch rates at the tail and forward sensor locations. 



To demonstrate why the Wykes SMCS logic is effective, to determine the conditions under 
which the logic can be expected to succeed, and to identify when the logic may fail, consider the 
polynomial matrix representation of the vehicle dynamics in Eq. (3.3), assuming two aeroelastic 
modes are present, the forward speed degree of freedom is negligible, and there are no actuator 
dynamics. 
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The q d /5g transfer function can be derived from Eq. (3.3) using linear algebra concepts, or 

q d(s ) n qd (s) (<!>i(3460) - 4>i( 1850) }n^ ^s) + {<^(3460) - <k(1850)}n^ 2 (s) 
8g(s) d(s) d(s) 

d(s) = det P(s) n^.(s) = s det P i+2 (s)IQ(s) 


In Eq. (3.4), P i+2 (s)!Q(s) denotes the matrix P(s) with the i+2 column replaced with Q(s). This 

transfer function represents the set of dynamics around which the SMCS logic is closed. 

In the special case with no aerodynamic coupling (F iw = Fj = 0, Zq. = Zf,. = 0, = 

= 0 F; = F; • = 0 for i * i), numerator and denominator polynomials are listed in Eq. (3.5). 
ni lT lj 

d(s) = s{s 2 + (- Z w - Mq)s + Z w Mq - M W (U + Z q )} 

x{s 2 +(2C 1 tD 1 -F 1 ^ i )s+(tD^F lni )}{s 2 +(2C 2 (0 2 -F 2 ^ 2 )s+(a^-F 2n2 )} (3.5) 

n^(s) = F lg s 2 {s 2 + (- Z w - M q )s + Z w M q - M W (U + Z q )}{s 2 +(2C 2 G>2-F 2f) Is+Ccof-F^)} 

£ 

n^(s) = F 2 g E S 2 {s 2 + (- Z w - M q )s + Z w M q - M W (U + Z q ) } { s 2 +(2^ ^j-F ^ )} 


In this case, the q d /5 E transfer function describes pure aerodynamically damped/stiffened 
vibrational motion, or 
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(3.6) 


q d ( s ) _ s{s 2 + (- Z w - M q )s + Z w M q - M W (U + Z q )} 
e( ^ {s + (- Z w - Mq)s + Z w Mq — M W (U + Zq)} 

[{<j>j(3460) - <f>i(1850)}F 1§E {s 2 +(2C 2 ©2-F 2 ^ 2 )s+(cDj-F2 ii2 )} 

+ { <^(3460) - (^( 1 850) } F 2g { s 2 +(2£ j tOj -F } • )s+(a>?-Fj ) } ] 

^ ^ ^ 1 ^ 1 

( s 2 +(2^ , (OpFj ^ ^ )s+(cd 2 -F] ^ ^ ) } { s 2 +(2^ 2 co 2 -F 2 ^ ^)s+(g>2 -F 2 ^ ) } 

With the short period poles exactly canceled by an identical factor in the numerator, the transfer 
function consists of two complex conjugate zeros and one zero at the origin, divided by the 1M and 
2nd aeroelastic modes. 

The sensor location and generalized force characteristics inherent to the Wykes SMCS 
feedback signal q d in Eq. (3.2) strongly influences the location of the complex conjugate zeros in 
Eq. (3.6). Root locus concepts can be utilized to assess and understand this relationship. From 
Eq. (3.6), the complex conjugate zeros are governed by the equation 

(4*1(3460) - <t>i(1850)}F l5 ^{s 2 +(2^2£O 2 -F 2 ^ 2 )s+((O2-F2 T) )} 

{<(4(3460) - ^(1850)}F 2gE {s 2 +(2C 1 co r F lTii )s+(a) 2 -F liii )} = ° (3 ' ?) 

With Eq. (3.7), these zeros can be thought of as originating from the 1st aeroelastic mode root 
locations and transitioning towards the 2nd aeroelastic mode root locations as the parameter 
( < ( > 1 '(3460)-<|>j '( 1 850) }F lg ^/{ <j) 2 '(3460)-(j) 2 , ( 1 850) }F 2g ^ is increased. An illustration of this root 
migration is given in Fig. 35. If the 1M and 2nd aeroelastic modes are lightly damped, and the 
varying parameter is positive, utilization of basic root locus sketching rules indicate a departure 

angle (for the +jm root) of approximately +90 deg. The migration paths are nearly vertical straight 
paths. 

With these results, the effectiveness of the Wykes SMCS logic becomes clear. Consider 
closing the SMCS loop indicated in Fig. 34 around the q d /5j; transfer in Eq. (3.6). Augmentation 
of the structural modes is shown in Fig. 36. Damping of both aeroelastic modes is increased as the 
1M mode roots migrate towards the zero at the origin, and the 2nd mo de roots migrate towards the 
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complex conjugate zeros. The effectiveness of this loop is due to the interlaced pole-zero pattern 
along the imaginary axis, which leads to +180 deg departure angles from the open-loop root 
locations. This basic effect was discovered and exploited over 30 years ago. 


x - Origin Point 
o - Terminal Point 
* - Root Location 


s 2 +(2C 2 ®2-F2^ 2 ) s+ («2- F 2 Tl2 ) 


s^CjCDj-F^js+CcOj-F!^) 


S^+(-Z w -Mq)s+Z w Mq— M w (U+Zq) 


* 



Figure 35. Airframe n qd (s) Root Migration Paths 
Without Aerodynamic Coupling - Eq. (3.7) 


The key to the pole-zero interlacing pattern in Fig. 36 is the collocated sensor-surface pair 
and associated likelihood the parameter { <|) j ’(3460)-<t> j ’( 1 850) } F! 5 ^/ { «t>2'(3460)-4> 2 , ( 1 8 50) } F 2 g E 
will be of positive sign. It is also important to note the numerator structure in Eq. (3.6) results 
from signal differencing as shown in Fig. 34. Referring back to the structure in Eqs. (2.13)- 
(2.19) for aeroelastic control derivatives, F lg and F 2g are given by 

qS H (|) 1 (3460)CP 5 

F,_ = £ (3.8) 

l 0 E mi 

5 Sh*2(34«0)C£. 
f 2s = 

S E m 2 
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s 2 +(2C 2 ®2-F2 Tl2 )s+(®2-F2 Tl2 ) 

Zeros From Fig. 35 

- s 2 +(2^ 1 (d 1 -F 1 ^ ^)s+(cOpF lTi ) 
s 2 +(-Z w -M q )s+Z w M q -M w (U+Z q ) 



Figure 36. Closed - Loop d(s) + kn q ^(s) Root Migration Paths 
Without Aerodynamic Coupling - Fig. 34 


Eq. (3.7) thus becomes 

4>i (3460) „ 

{ <>! (3460) - <j>j ( 1 850) } — — — { s 2 +(2^ 2 (o 2 -F 2 ^)s+(coJ-F 2ti ) } 

” ^ 4^(3460) I 

{ 4^(3460) - 1 850) } — {s 2 +(2C 1 ca 1 -F lTii )s+(Q) 2 -F lTii )} 


(3.9) 


Assuming the mode slopes at 1 ,850 in are small, the parameter is composed of the paired products 
/ 

4>j<^ at the same fuselage station. At forward and aft regions along the vehicle centerline, the 
modal slope and deflection values are of the same sign leading to a positive parameter value. At 
other locations this may not be the case, but is of little hindrance since SMCS surfaces will be 
located forward or aft to maximize control leverage on the modes. Recalling the HSCT modal 
deflection data in Fig. 28, (3460) and <^(3460) are of the same sign for the eight modes 

displayed. This slope-deflection parameter mismatch issue can be avoided if acceleration-based 
feedback signals are utilized (i.e., fytfjj). In this case, however, rigid-body content in the feedback 
signal can not be fully eliminated by the differencing scheme in Fig. 34. 
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If the mode slope values in Eq. (3.9) at 3,460 in dominate the values at 1,850 in, the root 
locus parameter will be positive. One path to this result is to locate the second feedback sensor 
near the mid fuselage stations where slopes are minimal, such as at the anti-node of the l$i 
aeroelastic mode (1 ,850 in). However, for a vehicle with many significant modes, this sensor will 
pick-up the structural rotations of the higher frequency modes. The consequences are the pole-zero 
interlaced pattern along the imaginary axis will be perturbed, destroying the effectiveness of the 
Wykes SMCS logic in augmenting aeroelastic mode dampings. In this case, aeroelastic mode 
zeros can be out of sequence along the imaginary axis, they can be significantly offset from the 
vertical structure, and they can even present nonminimum phase characteristics. Based on these 
observations, one conclusion drawn is the Wykes SMCS logic, as implemented in Fig. 34, may 
not be effective in augmenting all aeroelastic modes, and in fact may destabilize some of the 
modes, when applied to a vehicle characterized as modally dense. 

As a footnote, one means to avoid the parameter structure { <j>i'(tail)-<t)j'(for e ) } ^(tail) in Eq. 
(3.9) is simply to implement a SMCS loop without differencing two signals. In other words, use a 
collocated sensor and surface, dropping the second sensor. This strategy has been utilized in the 
control architectures presented in Section IV, and is very effective. The feedback signal will 
inherently have rigid-body content and can be used to an advantage in some cases, such as 
simultaneous stabilization of rigid-body pitch instabilities, for example. 

The above development has all been under the assumption of no aerodynamic coupling. 
Strong aerodynamic coupling effects are another mechanism which can dilute the attractiveness of 
the Wykes SMCS logic. To demonstrate these effects, return to the vehicle model in Eq. (3.3). 
For ease of demonstration, consider a case with, not full, but limited aerodynamic coupling where 
Fi is the main, but not only, parameter of interest. Assuming aeroelastic-to-rigid coupling is 

*q 

present (Z^ , Zf, , M^. , M^. * 0), partial rigid to elastic coupling is present (F iw = F 2q = 0, F lq 
* 0), and no elastic to elastic coupling (Fj = F, • = 0 for j * i), the numerator and denominator 

hj Uj 

polynomials in Eq. (3.4) are 
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(3.10) 


d(s) = s{s 2 + (- Z w - M q )s + Z w M q - M W (U + Z q )} 

x{s 2 +(2^ 1 o) r F^ i )s+(co?-F 1 ^ i )}{s 2 +(2^ 2 co 2 -F 2 ^ 2 )s+(c^-F 2 ^ 2 )} 

M tij 

Fl q s {Mrij(s-Z w )(s + + M w Z^j(s + 

n V s) = F i 5e s ^ s2+ (- z w - M q )s + Z w M q - M W (U + Z q )} {s 2 +(2C 2 co 2 -F 2V)2 )s+(oj 2 -F 2ti )} 
+ F l q s f(^5g( s — Z w ) + M W Z§^} {s 2 +(2^2® 2 -F 2 ^ 2 )s+((o 2 -F 2 ^ )) 

^ti 2 Z. 

- F 2 5f {M t 12 (S “ Z wXs + M“ } + M w Z H 2 (S + t^)H 

^ m r| 2 z ^ri 2 

n T| 2 (s) = F 2 6e s2 { s2+ (- Z w - M q )s + Z w M q - M W (U + Z q )}{s 2 +(2C,co r F lr)i )s+(co 2 -F lTi )} 

2 ^T| 1 Zti , 

- F , s [F 28 (M„ (s - Z w )(s + rj-) + (s + =-!■))] 

c m rij 1 


In this quasi-general case, the dynamics are considerably more complicated. 

Root locus concepts can again be utilized to assess and understand aerodynamic coupling 
effects on the transfer function factors. For example, to investigate the effect of aerodynamic 
coupling upon the vehicle poles, consider d(s) in Eq. (3.10). Fundamentally, the question here is 
"How does the 2nd term containing F 1(j affect the roots of the 1st term ?" A subset of the roots of 
the second term alone are given by 


1 +M, 


^1 


Z *ll 

(S X } 


WM m 

(s - Z w )(s + ^ 


= 0 


M 


’ll 


(3.11) 


and Fig. 37 shows an example migration with variations in M w . With F, as the main 

iq 

aerodynamic coupling parameter of interest, a subset of the vehicle poles are thus governed by 
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x - Origin Point 
o - Terminal Point 
* - Root Location 



Figure 37. Intermediate Root Migration Paths 
With Aerodynamic Coupling - Eq. (3.1 1) 

m th Zni 

Mth(s - Z w )(s + ^—) + M^fs + — ) 


1-F 


hi 


V 


lq {s 2 + (- Z w - M q )s + Z w M q - M W (U + Z q )} {s 2 + (2^©! - Fj^s + (©?- F^)} 


= 0 (3.12) 


and Fig. 38 shows an example migration with variations in Fj^. Observations from Fig. 38 and 
Eqs. (3. 1 1)-(3. 12) are the short period poles lose damping due to the presence of coupling, 
specifically along the path q — > Fj — > T|j — > M q ^ — > q (Ft M^^), and for the same reason the 1— 
aeroelastic poles gain damping. Of more importance here is the effect on the interlaced pole-zero 
pattern. The root locations displayed in Fig. 38 will become new originating points for the root 
migration paths displayed in Fig. 36. Near imaginary axis migration contours can be highly 
sensitive to the originating points, and may be altered in an unfavorable manner. These alterations 
may significantly influence how individual modes are augmented. 

This type of analysis can be conducted for the numerators as well. Observe the second 
term involving Fj appearing in nf^s) in Eq. (3.10). This term has identical factors as those 
found in the expression for d(s). Therefore, Eq. (3.11) and Fig. 37 are also applicable for 
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determining the intermediate roots of this 2nd term as M w is adjusted. When the 1st and 2nd terms 
°f n t| 2 ( s ) ate combined, Eq. (3.12) also becomes applicable for assessing how the roots of n r)2 (s) 
are affected by the aerodynamic coupling term F 1(j . These effects are shown in Fig. 39. Finally, 
the root locations displayed in Fig. 39 will become new originating points for the root migration 
paths displayed in Fig. 35. Undesirable impacts upon the interlaced pole-zero pattern are again 
possible. This example has concentrated on a single aerodynamic coupling term Fj . Many other 
coupling terms are present in the full vehicle dynamic model. These aerodynamic coupling terms, 
and the physical mechanisms they represent, provide abundant means to alter and distort the 
interlaced pole-zero pattern of the simplified case. When the SMCS loop is closed on such a 
transfer function, there may be several aeroelastic modes which are destabilized. Therefore, a 
second conclusion drawn is the Wykes SMCS logic illustrated in Fig. 34 may not be effective 
when applied to a vehicle exhibiting strong aerodynamic coupling effects. 



Figure 38. Airframe d(s) Root Migration Paths 
With Aerodynamic Coupling - Eq. (3.12) 
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Zeros From Fig. 37 





x - Origin Point 
o - Terminal Point 
* - Root Location 


Figure 39. Airframe n^s) Root Migration Paths 
With Aerodynamic Coupling -Eq. (3.12) 

Other sources of potential breakdown in the Wykes aeroelastic damping behavior of Fig. 
36, which are absent from the example dynamics in Eq. (3.3), include actuator dynamics and 
unsteady aerodynamics. These dynamics appear as additional poles and zeros along the real axis in 
Fig. 36. Although no direct impact occurs on the imaginary axis interlacing pattern, these 
additional modes can profoundly influence the departure angles near this axis. If the actuation 
hardware is of poor quality, or the transient airflow behavior is significant, feedback destabilization 
effects can result from these sources. 
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B. Wykes Logic Recast in Multi-Sensor/Single-Surface Framework 

Ref. 13 examined in detail the feasibility of an aft tail only inner loop FCS architecture for 
HSCT. Results strongly indicated this architecture lacked ability to meet requirements associated 
with simultaneous augmentation of pitch motions and suppression of aeroelastic vibrations. 
Further, this architecture did not provide sufficient control of crew station motions. Fig. 40 
indicates the MS/SS architectures that were considered in Ref. 13. In these studies, the forward 
path compensator block consisted of PI logic acting on a blended pitch rate signal. This PI 
compensation exudes an effective means for stabilizing the relaxed stability mode and providing a 
conventional, well-damped pitch mode. In addition, this compensation leads to a pitch rate 
command response type system. The feedback blocks serve as blending filters to exploit the 
desirable characteristics of the low frequency forward sensor signal (1,850 in) and the higher 
frequency characteristics of the aft sensor signal (2,500 in, fore and aft refer to location relative to 
the mass center at 2,152 in). Therefore, Iow-pass/band-pass and lag-lead/lead-lag filters were 
considered for these blocks, as indicated in Fig. 40. The forward and aft sensor locations were 
judiciously chosen to eliminate, or minimize, certain undesirable aeroelastic contamination effects 
in the feedback signal. Closed-loop results for these systems can be found in Ref. 13. 

The Wykes SAS/SMCS XB-70 control logic, in the original form as displayed in Fig. 34, 

can be reformulated in terms of an equivalent MS/SS architecture, similar to that of Fig. 40. Block 

diagram manipulations can be used to convert the system in Fig. 34 to the MS/SS structure in Fig. 

40. Here, algebraic manipulation of the feedback law will be utilized to generate the same result. 

In reference to Fig. 34, denote the feedforward, SAS, and SMCS compensation blocks as 
K FF ( s ) = k F F , kpp>0 

K SAS( s ) = k SAS“ > k SAS <0 (3.13) 

K SMCS( S ) = k SMCS , k SMCS > 0 

The control law used to drive elevator deflection is 

5 E (s) = Kpp(s){q c (s) - K SAS (s)q 1850 (s) - K SMCS (s)[q 1850 (s) - q 3460 (s)] } (3.14) 
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MS/SS Architecture With Low Pass & Band Pass Blending 



MS/SS Architecture With Lag-Lead & Lead-Lag Blending 



Figure 40. MS/SS Architectures Previously Analyzed 
Factoring out the PI compensation term Ksas( s ) for the forward path yields 


8 e (s) = Kpp(s)K SAS (s){ 


1 


Ksas(s) 


q c ( s ) 


(3.15) 


-qi85o( s ) - ' 


:^SMCs( s )[qi850( s ) ~ q 3 460( s >]} 


Ksas(s) 

Eq. (3.15) has a direct one to one correlation with the MS/SS architecture. Let q c be the new 
command signal, K(s) the forward path compensator, and H^s) and H 2 (s) the blending filters, or 
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qc(s) = Kiiiti) 

K(S) = Kff(s)K sas (s) = kFFk SAS <i±|5AS) = k ii±£) 


H,(s) = 1 + 
H 2 (s) = - 


1 


k sas( s ) 
1 


Ksmcs(s) = (H-SMS) 


( s + z sas / U+- , smcs }> 


‘SAS 


L SAS 


( s + Z SAS) 
S 


1 (s + Pi) 


k sas( s ) 


KsmcsW=-^- c ° S = h 2 - 

k SAS ( s + Z S AS) ( s + P2) 


(3.16) 


where Pi = p 2 = z. The final architecture is indicated in Fig. 41 where explicit actuator dynamics 
A(s) are re-introduced. 



This control logic is efficiently parameterized by three variables: the PI zero location (which 
also corresponds to the blending filter poles) z<; A s = z = pj = p 2 , the forward path gain kppk§ A ^ = 
k, and the key ratio between the strengths of the SMCS and SAS loops k SMCS /k SAS . For 
specified values of z and k, a family of blending functions is parameterized over the range - 1 < 
ksMCS^SAS — 42 illustrates this parameterization. For = 0, Hj(s) becomes 

all pass, H 2 (s) becomes no pass and only SAS functions are extracted from the control 
architecture. With k SMCS /k SAS = -1, Hj(s) is low pass, H 2 (s) is high pass and both SAS and 
SMCS functions of equal strength are implemented. At intermediate values of k SMCS /k SAS , the 
SAS function is not fully attenuated at high frequency (lag-lead) and the SMCS function operates at 
reduced levels of strength or intensity (high pass with dc levels below 0 db). 
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Hi ■ 

H 2 • 


^^SMCS^SAS- -1 ) Freq. 


A Mag. 


Pi -P2 



H 1 (ksMCS^SAS -0 ) 

H 2 (ksMCS^SAS = ~ °- 5 ) 
■ 

H 1 (ksMCS / ksAS = ~ 0 - 5 ) 

H 2 (ksMCS / ksAS = °) 

H 1 (k SMCS^k S AS = — ^ ) 


Figure 42. Parameterization Of The Blending Family 

The Wykes SMCS logic thus equates to lag-lead and high pass blending of the two 
feedback signals when formulated in the MS/SS architecture. This type of blending strategy was 


not discussed in Ref. 13. Further, utilization of the tail sensor signal was not reported on in Ref. 
13. The reasoning for this will become clear in Section m-C. Attention will now be focused on 
applying this reformulated Wykes SMCS logic to the HSCT vehicle. 
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C. Wykes Logic Applied to HSCT 

In this subsection, the reformulated Wykes controller is applied to the HSCT vehicle. 
Therefore, reconsider the MS/SS architecture depicted in Fig. 41, and the dynamic blocks given by 
Eq. (3.16). The methodology behind the reformulated Wykes SAS/SMCS control law is to blend 
the beneficial characteristics of the forward and tail sensor signals, and avoid any undesirable 
features that may be inherent within these signals, specifically utilizing lag-lead and high pass 
filtering. With the filter structures specified a priori, the only remaining task is to determine 
acceptable values for the break points and gains in K(s), Hjfs), and H 2 (s). However, to better 
understand the inherent characteristics within the forward and tail feedback signals which are to be 
blended, initial consideration will focus on each feedback signal separately. 

By taking hj = 1, zj = pj, and h 2 = 0 in Eq. (3.16), the MS/SS system becomes a SS/SS 
system with q 1850 as the feedback signal. The Evans plot for such a system is shown in Fig. 43 
with z = 2 1/s. Observe how the unstable real axis pole is driven into l/x 0 , , which resides slightly 
m the left-half plane, and how the mid period mode moves out to become the dominant pitch mode 
with potential for high levels of damping. By utilizing the sensor at the anti-node of mode 1, the 
151 aeroelastic poles are accompanied with nearby zeros, effectively canceling this mode in the 
signal as it travels around the loop, regardless of the loop gain. At the higher frequency aeroelastic 
modes, the 1,850 in location is not conducive to a good feedback signal. Note the 1,850 in rate 
gyro leads to "out of phase" pick-up of the 2nd, 3rd, and 6lh modes. As the loop gain is increased, 
these modes lose damping and foretell hard instabilities. These characteristics noted in Fig. 43 
correlate with the mode slopes in Fig. 28. 

The closed-loop poles in Fig. 43 are highlighted for a compensator gain value of k = -4.52 
rad/rad/s. Fig. 44 shows the corresponding Bode plot for this gain. The real axis instability is just 
stabilized, as indicated by the dc gain of 0 db in Fig. 44 and the closed-loop pole at the origin in 
Fig. 43. The rigid-body gain crossover point (see Fig. 44) is not sufficient to meet pitch damping, 
frequency, and phase margin requirements. Also note from the Bode the aeroelastic peak 
occurring at 20 rad/s, which corresponds to mode 6. This p eak just touches the 0 db level with a 
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corresponding phase value near -180 deg. At this loop gain value, the 6^ mode has violated the 8 
db/60 deg stability margin requirements, and is on the verge of instability (see mode 6 on the jco 
axis in Fig. 43). The unacceptable trades noted here between low frequency flying qualities and 
aeroelastic stability margins were also observed in Ref. 13. 
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Freq. (rad/s) 

Figure 44. Bode Plot For 1,850 in Pitch Rate To Elevator 
k = -4.52 rad/rad/s 








Now consider only the tail signal q 3460 by taking h 2 = 1, p 2 = 0, and = 0 in Eq. (3.16). 
The Evans plot for this signal, again with z = 2 1/s, is shown in Fig. 45. Due to the collocated rate 
gyro and surface, each aeroelastic mode up to mode 9 is now accompanied by an associated pair of 
zeros forming an approximate interlaced pattern. These modes are stabilized and their dampings 
are favorably augmented, or are unaffected, as the loop gain is increased. Note the lSt aeroelastic 
dipole structure has opened up considerably allowing the potential for increased damping. 
However, due to aerodynamic coupling, modes 10-1 1 are destabilized (examination of the modal 
data indicates are of the same sign for modes 10- 11). At lower frequencies, the unstable real 
axis pole again moves into 1 /xq j , and the mid period mode moves out to become the dominant 
pitch mode. However, with the tail sensor, the mid period mode does not wrap around the 
compensator zero (-2 1/s in Fig. 45) towards the real axis, but moves instead towards a pair of 
complex conjugate zeros located near the imaginary axis. Note the limited amount of damping that 
can be added to the mid period mode due to the loci initially moving out radially from the origin. 

The closed-loop poles in Fig. 45 are highlighted for a value of compensator gain k = -4.27 
rad/rad/s. Fig. 46 shows the corresponding Bode plot for this gain. The real axis instability is 
again just stabilized (dc gain of 0 db in Fig. 46 and closed-loop pole at the origin in Fig. 45). 
Rigid-body gain crossover must be increased to meet pitch damping, frequency, and phase margin 
requirements. From the Bode, the 1^1 aeroelastic peak occurring at 7.7 rad/s is well above the 0 db 
level, but an ample phase buffer from -180 deg is present at this frequency. Here, modes 1-9 are 
phase stable (i.e., the loop transfer pierces the unit circle, but away from -180 deg). This feature 
corresponds to the -180 deg departure angles seen in the Evans plot. In contrast, with k = -4.27 
rad/rad/s, the 10& and 1 1& aeroelastic modes are just destabilized. The peaks just touch the 0 db 
level with a corresponding phase value near -180 deg. 
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Tradeoff relationships between forward and tail sensor utilization are quite clear. With the 


forward sensor, desirable low frequency characteristics below 5 rad/s include relaxed stability 
stabilization and pitch damping augmentation, while above this frequency undesirable aeroelastic 
control effects result (mode 1 is invariant and modes 2, 3 and 6 are destabilized). An opposite 
trend occurs with the tail sensor. Below 5 rad/s, limited pitch damping augmentation is present, 
while above this frequency aeroelastic modes are augmented with higher damping and are phase 


stabilized, until 45 rad/s is reached (modes 10-11). Therefore, in the HSCT application, below 5 
rad/s the 1,850 in sensor signal will be weighted higher, and above 5 rad/s the 3,460 in sensor 
signal will be weighted more heavily. 

First consider the case where the level of SMCS strength is 25% of that for SAS 
(^SMCS^SAS = -0-25, z = 2 1/s). Fig. 47 shows the blending logic as a function of frequency 


where Hj(s) and H 2 (s) are 

H 1 (s) = 0.75^ 2 6 ) 7) H 2 (s) = 0.25^y (3.17) 

The Wykes control logic, in terms of the Evans behavior, is shown in Fig. 48. Results are 
consistent with the control design strategy, but several undesirable characteristics are noted. For 
frequencies below 5 rad/s, the closed-loop dynamics correlate with the forward SS/SS features in 


Fig. 43. A conventional, well damped rigid pitch mode is present. However, with a SMCS-to- 
SAS ratio of only l-to-4, augmentation of the aeroelastic modes appears similar to Fig. 43 and is 
unlike that in Fig. 45. Aeroelastic modes 2 and 1 1 show hard instabilities. The only exception 
here is mode 1 which shows high potential for increased damping. Unfortunately, this high 
damping can not be realized because the blending strategy has pushed the mode 1 zeros into the 
right-half plane, reducing the usable loop gain. To show this, consider the Bode response in Fig. 
49 for a gain of k = -4.52 rad/rad/s, which just stabilizes the relaxed stability mode. Nonminimum 
phase zeros result in a 180 deg phase loss when contrasted with Fig. 46, where the phase "hangs 

on until a higher frequency value. To avoid compromise of aeroelastic stability margins, loop 
gain must remain low. 
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Figure 47. Lag-Lead And High Pass Blending With ksMCS^SAS = — ^-25 
To remedy this situation, consider a case where the level of SMCS strength is 75% of that 
for SAS (ksMCS^SAS = -0-75, z = 2 1/s). The blending filters Hj(s) and H 2 (s) are 

H l( s) = 0.25§±§ H 2 ( S )=0.75^_ (3.18) 

and Fig. 50 illustrates the frequency responses. The Evans behavior is shown in Fig. 51. Results 
are again consistent with what is asked of the control design strategy, but several troublesome 
features appear. Above 5 rad/s, the closed-loop dynamics correlate with the tail SS/SS features in 
Fig. 45. Modes 1-9 are either augmented with higher damping, or are unaffected. A significant 
difference from Fig. 45, however, is the nonminimum phase characteristics associated with some 
of the modes, again introduced by the blending logic. Recall that aerodynamic coupling influences 
the instabilities associated with modes 10-11 and is inherent in the 3,460 in feedback signal. Now, 
with a SMCS-to-SAS ratio of 3-to-4, augmentation of the pitch mode appears similar to Fig. 45 
and is unlike that in Fig. 43. The pitch mode migrates towards a pair of complex conjugate zeros 
located near the imaginary axis. This migration path limits the amount of pitch damping that can be 
achieved. The Bode response for a gain k = -4.52 rad/rad/s is given in Fig. 52. Nonminimum 
phaseness again prevents higher loop gain values. 
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Figure 49. Bode Plot For Blend Of Lag— Lead 1,850 in 
And High Pass 3,460 in Pitch Rate To Elevator, 
ksMCS^SAS = - 025 And k = “ 4 - 52 rad/rad/s 
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Figure 50. Lag-Lead And High Pass Blending With k SMCS /k SAS = - 0.75 

The above results for the lag-lead/high pass blending strategy are flawed due to the 
observed nonminimum phase behavior and is discussed next. The numerator dynamics of the 
transfer function in Fig. 41 consist of the addition of two terms originating from the two 
feedback signals. The relative strength of the two channels determines the final zeros according to 
the root locus 


1 | h 2 s n q3460^ _Q 
hj (S+Zj) n q 185Q ( s ) 


(3.19) 


where n qi 850 (s) and n q 3460 (s) denote vehicle numerator polynomials and h 2 /h x plays the role of a 
parameterization variable. Blending filters introduce the factor s/fs+Zj). For l^/hj = 0, Eq. (3.19) 
indicates the zeros are coincident with the q 1850 /5 E zeros and s = -zj. For a large value of 
h 2 /h 1 , the qt/Sg zeros tend towards the q 34 60 / 8 E zeros and s = 0. At intermediate values for h 2 /h 1 , 
the zeros migrate according to the conventional rules. Fig. 53 shows this numerator root locus for 
the ksMCS^SAS = -0.75 design in Fig. 51, as an example. The behavior for k SMCS /k SAS = -0.25 
is similar. In transitioning from the root locations of n qi 85 Q (s) to those of n q3460 (s), the mode 1 
zeros depart into the right-half plane leading to the nonminimum phase behavior. 
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Figure 51. Evans Plot For Blend Of Lag-Lead 1 ,850 in 
And High Pass 3,460 in Pitch Rate To Elevator, 
k SMCS^k SAS = ” ^.75 
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Figure 52. Bode Plot For Blend Of Lag-Lead 1,850 
And High Pass 3,460 in Pitch Rate To Elevator, 
^SMCS^SAS = ~ 0.75 And k = - 4.52 rad/rad/s 







Consider the angle of departure relationship as applied to mode 1 in Eq. (3.19) and Fig. 

53. Let 0j represent the phase angle of factor s+Zj contained within nq 1850 ( s ) where Zj represents 

the aeroelastic mode 1 zero with imaginary part greater than zero. From Tab. 6, Zj = -0.53 + j7.9 

1/s. For a test point very near Zj, this relationship is 

0! = Z( s) - Z(s+8) + ^(n q3460 ) - z ( n q 185 o* “ ( 2l+1 ) TC (3.20) 

In Eq. (3.20), n' q g5Q (s) denotes n q]850 (s) with the factor s+Z! removed and i represents an 
integer. With s = Z h the s/(s+8) factor results in an additional contribution of 47 deg of phase to 
the departure angle from zero Zj. Without this contribution, the initial migration would point 
down towards the origin, avoiding the right-half plane and nonminimum phase behavior. 

The mode 1 nonminimum phase characteristic is due to the width of the high pass filter 
differentiator and final break frequency of the lag-lead filter. Insertion of the zero at the origin 
"pushes' the mode 1 loci out into the right-half plane. The lag-lead/high pass blending strategy is 
fundamentally flawed. Ref. 13 indicated low pass/band pass strategies exhibited similar tendencies 
and showed how lag-lead/lead-lag filtering provided a more gradual transition of the rate gyro 
signals. Utilization of lag-lead and lead-lag blending with the forward and tail sensors is not 
considered here. 

Based on the above investigations, the contractor feels the aft tail only Wykes SMCS 
architecture is not feasible for the highly elastic HSCT airframe. This conclusion is based on two 
main observations: 1) aerodynamic coupling terms are of such strength that fundamental 
assumptions associated with the original Wykes paradigm are not valid for this airframe, and 2) 
lag-lead/high pass blending results in an excessively abrupt transition from forward to tail sensors 
and manifests itself in the form of nonminimum phase characteristics. A highly elastic and 
unstable airframe configuration with aft tail control only places unrealistic constraints on the flight 
controls discipline, and program planning should be modified accordingly. 
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Figure 53. Numerator Root Locus For Lag-Lead 1,850 in And 
High Pass 3,460 in Pitch Rate To Elevator, k SMCS /k SAS = - 0.75 
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Section IV 

Conventional Multi-Sensor/Multi-Surface Design Strategy 


A. Summary of Design Strategy 

The objectives of the inner loop FCS are to 1) artificial supply the stability inherently 
lacking in the airframe, 2) augment the key pilot/passenger centered responses in accordance with 
relevant flying quality metrics, and 3) suppress aeroelastic motions in the responses. The 
feasibility of achieving these goals with SS/SS and MS/SS architectures have been thoroughly 
explored in Ref. 13 and Section HI of this report. The main conclusion from these investigations 
is architectures based on a single loop incorporating aft tail control and utilizing one sensor, or 
possibly several blended sensors, does not provide sufficient design freedom to satisfy closed-loop 
requirements. Trades between pitch augmentation/low frequency flying qualities and aeroelastic 
augmentation/high frequency stability margins are unacceptable. Further, aft tail control lacks 
sufficient capacity to tailor motions at the crew station. For a highly flexible HSCT vehicle, the 
inner loop FCS will, in all likelihood, require multiple, integrated feedback loops. 

With this background, consider the MS/MS feedback architecture shown in Fig. 54. In 
Fig. 54, yi(s) and y 2 (s) denote two rate gyro feedback signals, perhaps representing near cockpit 
(yj) and near mass center (y 2 ) pitch rate responses. The command input u 2c (s) represents aft tail 
control (elevator command, 6g c ) previously used in the design studies of Ref. 13 and Section HI of 
this report. The additional, new input available for control is u lc (s) and will correspond to the 
forward vane commands ($v c ) described in Section II-C. Note the second input allows an 
additional feedback loop, as well as a crossfeed. Only one crossfeed is considered here. These 
additional design freedoms are exploited as discussed next. Also in Fig. 54, P;(s) and Kjj(s) 
denote prefilter and compensation transfer functions, and Aj(s) represents actuator dynamics. The 
signal y 3 (s) represents additional responses of interest not directly controlled, such as normal 
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acceleration or pitch rate at locations other than the cockpit or mass center (or possibly acceleration 
at the cockpit and mass center). 

Control design efforts consist of four steps: 1) closure of the yj/u, c loop, 2) insertion of 
the u 2c -to-u lc crossfeed, 3) closure of the y 2 /u 2c loop, and 4) insertion of the y 2c command 
shaping filter. The y j/uj^ loop plays the role of a SMCS loop and hence is dedicated to aeroelastic 
suppression. The y 2 /u 2c loop fulfills the role of a SAS loop and is primarily responsible for pitch 
augmentation. The u 2c -to-ui c crossfeed provides coordinated operation between the two feedback 
loops. Finally, the y 2c prefilter provides selected frequency screening of the command signal to 
improve response characteristics. Conventional frequency domain concepts are used in a 
sequential process 3 - 22 * 23 to construct these loops. 

From Fig. 54, the vehicle model is 


yi 


G n A i 

G 12 A 2 

U 1 

*c 

U 2 

z c 

y2 

= 

G 21 A 1 

G 2 2 A 2 

y3 


G 31 A 1 

G 32 A 2 


Using the structure indicated in Fig. 54, consider closing the yj/u^ loop first. The control law is 

u lc = K ii(yi c -yi) (4.2) 


and the resulting intermediate system is 


yi 


K n G n A i 
l+K n G 11 A 1 yic + 


G 12 A 2 

l+KnGnA, “ 2c 


_ K ll G 2l A i G 22 A 2 +K 1 1-2 A ] A 2 

l+K„ G n A i yic 1 +KjjGhAj U2c 

y - K 11 G 31 A 1 G 32 A 2 +K 11^1-3 A 1 A 2 

1+K 11 G 11 A 1 C 1+KjjGhAj U2c 

Sl_2 = G n G 22- G l2 G 21 » ^1-3 = G n G 32 - G 12 G 31 


(4.3) 


where Gj_j denotes the vehicle coupling transfer functions. 3 As part of the synthesis, the loop 
transfer K, jGnA, is utilized to generate Evans and Bode traces. Selection of an angular rate 
sensor mounted very close to the forward vane would tend to elicit the highly sought pole-zero 


interlaced pattern of Section III for aeroelastic damping augmentation. Aerodynamic coupling 
effects should be less a factor, when compared with results in Section IH, since the vane is located 
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well forward of the wing and body, thus minimizing interference effects, and the vane structure 


will be relatively stiff in comparison to the wing. 

Before closing the y2^2 c SAS loop, note the coupling that exists between these two 
channels in Eq. (4.3) (i.e., G 12 and G 21 ). If this coupling is significant but ignored in the design, 
the loops can not be expected to operate in a harmonious manner. To provide this synchronous 

behavior with coupling present, a u 2 -to-U] c crossfeed is considered, or 

yic= K cf“2c < 4 - 4) 

This signal path leads to a second intermediate system 


yi = 


Gl2 A 2 +K cf K ll G ll A l 

l+KnGn A i 


u 2c 


(4.5) 


G22 A 2 + Kll^l-2 A l A 2 + KcfKllC»21 A l ^ 

1+KnGnA! 2c 

G 32 A 2 +K ll^l-3 A l A 2 + ^cf K ll G 31 A l u 

1+KnGnAi 2c 


Introduction of the crossfeed fundamentally alters the transfer function numerator characteristics in 
Eq. (4.5). Kcf(s) can be used to reduce excitation and participation of troublesome aeroelastic 
modes in both the yj and y 3 responses from the input u 2c . Sensor placement for response y 2 can 
be relied upon to eliminate the most significant mode (mode 1) from this response, leaving the 
crossfeed to address responses y\ and y 3 . Migration paths for the numerator roots of interest in 
Eq. (4.5) are based on the functions K c f{KiiG|iAj}/{Gi 2 A 2 } and K c f{ Kj jG 3 i A j }/ 


{ G 32 A 2 +K j ! G ! _ 3 A j A 2 } . 


Finally, the y 2 /u 2c loop is closed, or 

u 2c = K 22 (y 2c “ Y2) 


(4.6) 


With this loop closed, the augmented system is 

K 7?(G t 2 A 2 +KcfK nG 1 1 A i ) 

y ^ 1+K j jGj jA j +K 22 { G 22 A 2 +K ] jG i_ 2 A iA 2 +K c fK j jG 2 jA j } 

K 22 {G 22 A 2 +K 11 G 1 _ 2 A 1 A 2 +K cf K 11 G 21 A 1 } 

y2 ” 1+Kj !Gj j A i+K 22 {G 22 A 2 +K! jGj_ 2 A iA 2 +K cf K H G 21 A j } 

K 22 {G 32 A 2+K n G 1 -3 A i A 2+KrfKii G 3iAi} 

y3 l+K 11 G 11 A 1 +K 22 {G 22 A 2 +K 11 G 1 _ 2 A,A 2 +K cf K 11 G 21 A 1 } 


y2c 

y2c 

y2c 


(4.7) 
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The loop transfer K 2 2 ( G 22 A 2 +Kl j (j j. 2 Aj A 2 +KcfKj iG 2 iA] }/(1+KjjGi jAj } would determine 
the basic Evans and Bode characteristics during selection of gain and compensation logic for 
K 22 (s). Sensor placement near the anti-node of the I s ! structural mode would tend to provide 
acceptable transfer function dynamic features for pitch stabilization and augmentation. 

If deemed necessary, the y 2 prefilter can be considered, or 

y2c = P2?2c < 4 ' 8) 

In this case, the final augmented system is 

P2 K 22( G 12 A 2 +K cf K ll G ll A l) p 2c (49) 

^ l+K 11 G 11 A 1 +K22{G 2 2 A 2 + Kll^l-2 A l A 2 + KcfKllCr21 A l} 

P 2 K 2 2{G 2 2 A 2+ K 1 1 G 1-2 A l A 2 +K cf K l 1 G 21 A 1 j « 

y2 l+K ] iG 11 A 1 +K 2 2{G22 A 2 +K llC'l-2 A l A 2 + ^cf K ll < ^21 A l} 

P 2 K 22 { G 32 A 2 +K ll^l- 3 A l A 2 +K cf K ll G 31 A l) 

y3 l+K 11 G 11 A 1 +K 2 2{ G 22 A 2 + ^-ll G l-2 A l A 2 +K cf^ll G 21 A l} 

This filter can be relied on to screen specific frequency content from the command signal in order 
to further reduce any residual oscillations that remain in the closed-loop system under stick 
commands, or possibly to "speed-up" the response quickness by providing lead action. This filter 
is not a substitute for the feedback loops, and only provides mild changes to the system 
characteristics. The prefilter will do nothing to alter response characteristics originating from other 
input sources such as atmospheric turbulence. 

This feedback strategy corresponds to the "mechanics" illustrated in Fig. 55 and discussed 
below. If the application is to the HSCT model in Appendix C, Uj c and u 2c would correspond to 
uj = 5 V and u 2c = 5 Ec , and appropriate sensor locations would be y t = q 4 oo and Y2 = < 11850 - 
Suppose the pilot commands a nose down pitch motion with command signal qi850 c - Initial 
elevator deflection will be down with rigid rotation indicated in the figure. The loo P Wl11 

stabilize this motion and provide good handling qualities. The initial up tail force will excite the 
aeroelastic dynamics and mode 1 will initially deform as shown. The 6 Ec -to-5y c crossfeed will 
lead to initial trailing edge up deflection for the vane. This coordination hinders aeroelastic 
excitations from 8 Ec inputs. Superimposed on top of this two-surface deflection strategy, the 
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( l400 / 5v c loop acts to dampen aeroelastic motions that are inevitably excited, possibly from gust 
disturbances. The following sections describe in detail each of the four design steps. 



Figure 55. “Mechanics” Of The MS/MS Flight Control System 
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B . Aeroelastic Suppression Loop 

Consider the Evans plot behavior shown in Fig. 56 for the closed-loop poles 
corresponding to Eq. (4.3) using static compensation (i.e., Kj j(s) = kj j). Recall only the q 4 o(/^v 
loop is closed here. Observe the approximate pole-zero interlaced behavior associated with this 
channel. Departure angles for nearly every aeroelastic mode are near the optimum 180 deg value. 
Significant potential exists to damp many of the modes. Only the highest frequency structural 
mode is potentially destabilized. Also note the relaxed stability mode tends to be stabilized by this 
loop, easing the required bandwidth in the pitch augmentation loop yet to be considered. After 
many loop closure attempts described in Ref. 13 and Section HI of this report, a channel with 
significant design leverage for mode suppression has been identified. 

The closed-loop poles in Fig. 56 are highlighted for a compensator gain value of kj j = 
2.33 rad/rad/s. Fig. 57 shows the corresponding Bode plot for this gain value. Observe how the 
system phase remains above -180 deg out to a frequency near 70 rad/s providing a buffer from 
possible instability due to modeling errors. For this design model, the phase buffer is not quite 
sufficient, however, to exploit the full potential of this mode control loop. For the indicated gain 
value, mode 9 lies just above the 0 db level and bumps into the 60 deg phase margin requirement 
set forth in Refs. 1-2. This restricts the upper limit of usable loop gain and prevents further 
augmentation of modes 1-2. Several design options incorporating dynamic compensation are 
considered next to overcome this restriction. 

A cautious, low-gain option is to attenuate mode 9 with a low pass filter, inserted 
somewhere in the region of 10-20 rad/s. With this attenuation strategy, the loop gain can be 
increased to further augment modes 1-2. Considering the high number of modes in the 10-40 rad/s 
region in Fig. 56, it is highly unlikely insertion of a low pass filter can be accomplished without 
impacting the phase characteristics. Selecting a break point of 20 rad/s, the low-gain option 
compensator is 

K„(s) = k„ I J 5 j (4.10) 
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Figure 56. Evans Plot For 400 in Pitch Rate To Vane 
With Static Compensation 
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With Static Compensation, kn = 2.33 rad/rad/s 
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Figs. 58-59 show the Evans and Bode characteristics. Several modes have been destabilized 
towards the imaginary axis. Phase loss from the low pass filter has eliminated the inherent system 
phase buffer associated with this channel. Multiple -180 deg crossover points occur, preventing 
significant loop gain increments to augment dampings. For the indicated gain value, mode 9 is 
riding the 8 db stability margin requirement and the mode 1 damping value is less than that for Fig. 
56 (Ci = 0.098 vs. 0. 142). Attempts to restore the lost buffer with additional phase lead terms in 
Eq. (4.10) were not successful. For these reasons, the low-gain option does not appear to be an 

attractive solution. The baseline, static compensation results are more desirable than results shown 
here. 


At the other extreme, an aggressive, high-gain option is to boost the inherent phase contour 
in the region of 25-70 rad/s with a lead-lag filter. With this strategy, the phase buffer will be of 
sufficient value to satisfy the 60 deg stability margin requirements under significant increments in 
loop gam. Approximately 40 deg of additional phase is required in the 40-70 rad/s region to 
achieve the objective. Break points associated with the lead and lag terms to create this phase will 
extend the control bandwidth considerably. Therefore, this option is considered high risk in the 


sense current actuation technology may be surpassed. This risk should not be fully equated with 
susceptibility to modeling errors and resulting instability mechanisms. On the contrary, if the 


actuator can not deliver the phase lead to high bandwidth, the inherent phase buffer shown in Fig. 
57 resurfaces. In this scenario, phase margins would not meet requirement levels, but an inherent 
lower bound of approximately 20 deg would exists in this channel. Selecting break points at 1 6 
and 100 rad/s, the high-gain option compensator is 


K n (s) -k n 


100 (s+16) 
16 (s+100) 


(4.11) 


and Figs. 60-61 show the design characteristics. The upper limit of usable gain is much higher 
when compared to the baseline, static compensation results. For a gain value double that of the 
static compensation case, the closed-loop mode 1 damping value is = 0.323. 
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Figure 58. Evans Plot For 400 in Pitch Rate To Vane 
With Low Pass Filter 
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A solution falling somewhere in between the previous techniques will incorporate both 
attenuation and phase lead strategies. In reference to the phase lead approach discussed above, a 
transition from phase lead to attenuation will be necessary due to eventual airframe-actuator phase 
crossover and the presence of additional higher frequency modes not included in the design model. 
With a high authority mode control loop incorporating phase stabilization techniques, the designer 
must ultimately specify a boundary where modes below the boundary are phase stabilized and 
above the boundary modes are gain stabilized. 

Assessment of the basic magnitude and phase characteristics in Fig. 57 indicate 
approximately 20 deg of phase lead is needed in the 20-30 rad/s region to meet stability margin 
requirements, while approximately 40 deg of additional phase is required above this frequency 
range. Therefore, an eclectic, intermediate-gain strategy is to phase stabilize modes 1-8 leaving 
modes 9 and up for gain stabilization. Lead-lag behavior will be required in the 20-30 rad/s range. 
In addition, attenuation of mode 9 is necessary to increase the upper region of usable loop gain. 
As demonstrated previously (see Fig. 59), first order lag filters are not suitable when applied 
within a modally dense frequency region. Notching will be considered for mode 9 attenuation. 

Consider the intermediate-gain compensator to be 

v t \ — v 40 (s+15) (s^+2{ 0.01 004} { 35.65 }s+35. 65 ) j 2 ) 

*1100- 11 15 ( s+ 40) ( s 2+2 { 0.05 } { 35 .65 } s+35 . 65 2 ) 

Evans and Bode plots corresponding to Eq. (4.12) are shown in Figs. 62-63. The notch filter 

attenuates mode 9 by 12 db. The lead-lag filter adds 27 deg of phase at 26.2 rad/s, 20 deg to meet 

the original phase margin requirement and 7 deg for losses due to the notch filter. The gain value 

kj j = 3.00 rad/rad/s corresponds to a phase margin of 69 deg associated with mode 7. This 

selected gain value is larger than the baseline value by a factor of 1.3, and further loop gain 

adjustments are still available since stability margin constraints have yet to be reached. Here, the 

closed-loop value for damping of mode 1 is = 0.207. This level of damping is required for 

substantial suppression of high frequency transient motions following vehicle excitations. This 

strategy is considered, to some extent, to be of high risk in the sense notching will require a 
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premium on design model accuracy, and possibly real-time mode frequency identification when 
implemented. The intensity of the notch, however, is characterized as mild, rather than aggressive, 
since the filter only restores margins to acceptable levels. The filter is not heavily relied upon to 
achieve basic stability, this characteristic is already inherent in the channel. If the notch frequency 
were in error, the system characteristics would tend to revert back to those of Fig. 57 (minimum of 
20 deg phase margin). 

In summary, four solutions have been considered for the aeroelastic suppression loop: a 
baseline system, a low-gain system, an intermediate-gain system, and a high-gain system. The 
low-gain system, which incorporates low pass logic, has several drawbacks including a restricted 
region of usable loop gain and little augmentation of modes 1-2. Phase loss is the culprit. The 
high-gain system, which incorporates a large phase lead element, also has several drawbacks 
including high bandwidth and reliance on high performance actuators. Only the two remaining 
candidate solutions warrant further study beyond the confines of this report, one of low risk, the 
other higher risk. Adoption of gain only compensation for the aeroelastic suppression loop 
provides reliable mode suppression logic with low sensitivity to modeling inaccuracies. The 
tradeoff is reduced performance as measured by aeroelastic mode damping ratios. Utilization of 
combined lead-lag and notch compensation takes a more bold course of action to exploit the full 
potential of the forward vane and associated feedback loop. Considerable leverage can be applied 
to the structural modes. However, the trade here is vulnerability to design model uncertainty. As 
will be shown, this latter strategy still provides good stability robustness characteristics. Thus, the 
lead-lag and notch strategy will be earned into further design steps in this section. 

Design of this mode suppression loop is key to the proposed inner loop architecture 
described in this section. If this FCS architecture were to be adopted, or some modified version 
thereof, program activities should invest considerable resources in validating the feasibility and 
verifying the potential predicted for this loop, as described here in this report. Additionally, further 
investigations of design issues raised in this subsection are recommended. 
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Figure 60. Evans Plot For 400 in Pitch Rate To Vane 
With Phase Lead Filter 
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Figure 62. Evans Plot For 400 in Pitch Rate To Vane 
With Phase Lead And Notch Filter 
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With Phase Lead And Notch Filter, k,, = 3.00 rad/rad/s 
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C . Coordination Crossfeed 

Figs. 64 and 65 show the migration paths for the numerator roots (i.e., zeros) of the 
q 40 o/5E and a z 4 oo/5 E dynamics corresponding to Eq. (4.5), as the crossfeed gain k c f (i.e., K c f(s) 
= k c f) is varied. Note the q 400 /5 v loop is already closed at this design stage. The SMCS design 
internal to this analysis is the combined lead-lag/notch compensation described in Eq. (4.12) and 
Figs. 62-63. Recall the crossfeed path in Fig. 54 is utilized to "bend" the forward portion of the 
vehicle to oppose elastic deflections arising from pitch commands issued at the aft tail. When 
translated into the mathematics, the crossfeed is used to eliminate, or reduce, critical nonminimum 
phase zeros associated with the q 4 oc/^E a z 400^E transfer functions. Additionally, the 
crossfeed is utilized to relocate zeros near critical augmented pole locations from Fig. 62. In Fig. 
62, modes 1 and 2 are considered most critical based upon their contribution to the overall 
responses. These two intermediate pole locations (-1.7+j7.9 and -1.4+jl2.9 1/s) are denoted by 
the "+" symbol in Figs. 64-65. The design strategy of the control architecture in Fig. 54 is now 
apparent: aeroelastic suppression is achieved by both mode damping (pole augmentation) and 
dipole "tightening" (zero augmentation). 

In Fig. 64, the zero corresponding to mode 1 initiates from well within the right-half plane, 
and migrates to just inside the left-half plane (-0.17+j2.1 1/s) for large values of k^. The right-half 
plane starting point for this migration path is an inherent characteristic of the non-collocated vehicle 
G 12 (s) transfer function. For a nose down pitch command issued at the tail, an elastic pitch up 
contribution from mode 1 occurs (see deflection shapes in Fig. 28). This elastic pitch is initially 
out of phase with the rigid pitch motion. On the other hand, the zero designated with mode 2 starts 
from well within the left-half plane and migrates towards the imaginary axis (-0.58+jl 1 1/s) as the 
gain kcf increases. Fig. 28 indicates the elastic pitch contribution from mode 2 at this fuselage 
station is nose down and is initially in phase with the rigid pitch motion. Similar behavior is 
observed in the 4 oc/^e transfer function in Fig. 65, except the mode 1 and mode 2 characteristics 
are reversed from that in Fig. 64. This reversal of characteristics is due to the inherent 
nonminimum phase behavior associated with forward station rigid acceleration. For the nose 
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down pitch command, the 400 in station will initially experience up acceleration from the rigid- 
body contribution to the overall motion. Acceleration from mode 1 is in phase, and acceleration 
from mode 2 is out of phase, with respect to this initial rigid motion. Hence, in Fig. 65, mi gration 
path 1 originates in the left-half plane while path 2 starts in the right-half plane. 

For a crossfeed gearing ratio of -0.3 rad/s/rad, the critical nonminimum phase zeros are 
reduced, but not fully eliminated. Use of a higher gearing ratio would fully eliminate these right- 
half plane zeros, but would also result in excessive vane travel and rate activity (see Section V). 
Excessive vane motions may impact airflow quality over the main wing and at the propulsion 
inlets. Further, aggressive vane command signals may not be realizable with current actuation 
hardware technology. Another important issue gleaned from the characteristics in Figs. 64-65 is 
the fundamental trade between the mode 1 and 2 dipole structures. Consider Fig. 65. For low 
gearing values (such as -0.3 rad/s/rad), the crossfeed is tuned to yield a tight dipole for mode 1 
(maximum cancellation). This tuning leaves the modal contribution from mode 2 at a high level 
(i.e., loose dipole for mode 2). Utilization of higher gear ratios would result in opposite dipole 
characteristics. Similar observations are noted in Fig. 64, but the pitch rate behavior is 
fundamentally worse because the critical right-half plane migration branch is at a much lower 
frequency, when compared with corresponding features in Fig. 65. 

This conflict between modes 1 and 2 is traceable to the deflection shapes given in Fig. 28. 
For a pitch command issued at the tail, modes 1 and 2 initially deflect in opposite directions at 
forward stations. Intentional "bending" of the forward vehicle structure to oppose mode 1 pitch 
motion inherently amplifies the contribution from mode 2, and vise versa. Due to the close spacing 
of modes, there is no direct means to independently leverage one mode and not the other. The 
vane mounting location could be slid back to the mode 2 node point, but significant leverage on 
mode 1 is lost. For the baseline vane and with static compensation for the K^s) crossfeed block, 
the only available design freedom is gain adjustment to balance the structural contributions from 
modes 1 and 2 to the overall response. This balancing leads to unsatisfactory results. 
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Figure 64. Numerator Migration Plot For 400 in Pitch Rate 
To Elevator With Static Compensation 
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Figure 65. Numerator Migration Plot For 400 in Vertical Acceleration 
To Elevator With Static Compensation 
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Utilization of filtering in the crossfeed path has been found to lessen the severity of the 


trades noted above. Consider a "cliff' filter within the crossfeed block, or 


10 


(s+40)(s+40) 


Kcf(S) kcf 40 2 (s 2 +2{0.5}{ 10}s+10 2 ) 


(4.13) 


This filter consists of two, considerably damped, complex conjugate poles and a pair of real zeros, 
with break frequencies beyond the denominator natural frequency. The magnitude frequency 
response shape associated with this filter includes steep (cliff) attenuation beyond the denominator 
break point and gradual leveling off of magnitude beyond the numerator break points. 

Figs. 66-67 show the q4oo /5 E and a z 40(/^E numerator migration characteristics 
corresponding to the dynamic crossfeed K^s) in Eq. (4.13). In both transfer functions, the cliff 
filter denominator has the effect of introducing a new migration path. This new migration path 
starts at the cliff filter pole -5+j8.7 1/s and terminates at the points -0.17+j2.1 and -0.19+j3.8 1/s, 
respectively, in Figs. 66-67. This new path serves as a replacement path for the original mode 1 
path (compare the paths labeled "Cliff in Figs. 66-67 with the paths labeled 1 in Figs. 64-65). 
An initial assessment of the mode 1 dipole characteristics in Figs. 66-67, relative to the 
corresponding features in Figs. 64-65, would indicate degraded behavior for the modal 
contribution to the responses. The mode 1 dipoles in Figs. 66-67 are considerably more open than 
in Figs. 64-65. However, when both mode 1 and mode 2 dipoles are considered simultaneously, 
the new characteristics yield notable improvements in the overall modal contributions. A much 
improved balance between the mode 1 and mode 2 contributions to the responses is obtained with 
the cliff filter. A value of k^ = -0.25 rad/s/rad provides the "best" balance when monitoring the 


time responses of the final overall closed-loop system. Another added benefit from the cliff filter is 
the readjustment of the critical nonminimum phase migration paths to higher frequency regions. 
Note in Figs. 66-67 the paths originating in the right-half plane labeled 1 and 2 are pushed to a 
higher frequency when compared with Figs. 64-65. 

In terms of the mechanics, this dynamic crossfeed, in response to pitch commands at the 


tail, will tend to actively control and oppose the out of phase elastic pitch deflections in the 
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frequency region below 10 rad/s (mode 1), and will respond with reduced authority to the in phase 
elastic pitch motions occurring above 10 rad/s (mode 2). Under the fixed inner loop architecture 
given in Fig. 54, there appears to be few other alternative solutions for the crossfeed logic. 
Crossfeed filters exploiting right-half plane parameters is one alternative, but is not recommended 
for systems which must be implemented. The two channel control architecture is well suited for 
augmenting the rigid pitch and lowest frequency structural modes. When the next higher 
frequency structural mode becomes significant, as in the HSCT configuration, the two channel 
architecture has limitations to what can be accomplished. Here, these limitations manifest 
themselves in terms of the crossfeed action impacting modes 1 and 2 in opposing manners, and the 
resulting residual aeroelastic contamination remaining in the responses. Consideration of a three 
surface deflection strategy is beyond the scope of study here. 
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Figure 66. Numerator Migration Plot For 400 in Pitch Rate 
To Elevator With Cliff Filter 
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Figure 67. Numerator Migration Plot For 400 in Vertical Acceleration 
To Elevator With Cliff Filter 
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D. Pitch Augmentation Loop 

Consider the traits of the qi 850 /5 E transfer function Evans plot corresponding to Eq. (4.7) 
in Fig. 68. In this loop, the baseline controller equalization is proportional-integral (PI) logic, or 

K 22 (s) = k 22 fii5> (4.14) 

For a relaxed stability airframe (such as the HSCT at low altitude, subsonic flight conditions), PI 
compensatory manipulation of the pitch rate error signal is a highly effective strategy for 
stabilization and augmentation of the pitch characteristics. Here, the PI parameter z will be selected 
as z = 2 1/s. Again note the aeroelastic suppression loop with Eq. (4.12), and now the crossfeed 
with Eq. (4.13), are intrinsic to the system characteristics discussed here. In Fig. 68, observe how 
the unstable real axis pole is driven into l/x ei , which resides slightly in the left-half plane, and 
how the mid period mode moves out to become the dominant pitch mode. As expected, the I s * 
aeroelastic pole is accompanied by a closely spaced zero, canceling any effects from this mode in 
the signal as it travels around the loop, regardless of the loop gain. Focusing on the higher 
frequency aeroelastic modes, the 1,850 in sensor leads to out of phase pick-up of the 2^ and 
1 llh modes. As the loop gain k 2 2 is increased, these modes lose damping and eventually lead to 
instabilities. Similar behavior was noted in Ref. 13, but here the aeroelastic suppression loop has 
already damped these modes, allowing some of the damping to be traded off. The design 
constraints associated with 1) having a sufficient level of gain for handling qualities, and 2) 
keeping the gain sufficiently low to preserve aeroelastic stability margins, are significantly less 
severe when contrasted with similar characteristics observed in Ref. 13 using a SS/SS control 
architecture. 

The closed-loop poles in Fig. 68 are highlighted for a compensator gain of k 22 = -3.07 
rad/rad/s. Fig. 69 shows the corresponding Bode plot. For this gain value, the real axis instability 
is neutrally stable (note the dc gain of 0 db in Fig. 69 and the closed-loop pole at the origin in Fig. 
68). Magnitude crossover occurs at 1.3 rad/s, and is later shown to be satisfactory for pitch 
damping and frequency, rigid phase margin, and aeroelastic gain margin requirements. The key to 
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mutual attainment of these various requirements noted in Fig. 69 is the secondary vane loop 
dedicated to aeroelastic suppression. The vane loop has the fortuitous effect of attenuating the 
Bode magnitude response peaks in Fig. 69 beyond 6 rad/s. One major deficiency still exists in 
Fig. 69, however. For the indicated controller gain, note the dc gain in the Bode plot does not 
meet the low frequency 4.5 db gain margin requirement. In fact, the relaxed stability mode is not 
fully stabilized with this gain value. A simple solution for this problem will be discussed shortly. 

These Evans and Bode features give a qualitative perspective of the much improved 
tradeoffs (relative to Ref. 13) between rigid-body and aeroelastic characteristics associated with the 
pitch augmentation loop. For a quantitative description of the tradeoffs, consider Tab. 14 which 
indicates compliance or non-compliance with several flying quality requirements and metrics, as 
the loop gain k 22 is adjusted. Performance metrics include rigid pitch frequency, damping, control 
anticipation (CAP), and omega-tau, while stability metrics consist of the rigid low frequency gain 
margin, rigid high frequency phase margin, and aeroelastic mode 2 gain margin. These metrics are 
as defined in Refs. 1 and 2. In Fig. 69 note the phase point corresponding to mode 6 is very near 
-180 deg and the peak magnitude values of mode 6 and mode 2 are nearly equal. Therefore, the 
computed aeroelastic gain margin for mode 2 also approximately represent margins for mode 6. 
Shaded boxes in Tab. 14 indicate noncompliance with the requirement. 

Before starting the discussion, a few comments are in order. The flying quality 
requirements spelled out in Refs. 1-2 have not been validated for highly flexible vehicles, and do 
not fully address important flying quality issues expected with such vehicles. 24 Never the less, 
there is little else to base flight control decisions on, short of costly piloted simulation tests. 
Therefore, the requirements are used here, but only to seek ballpark estimates of flying quality 
levels, not definitive answers. Because of the uncertainty involved, and to reduce computational 
burdens, the equivalent systems approach was not considered here. Therefore, the numbers in 
Tab. 14 were calculated by using data taken directly from the full order model, not an equivalent 
number from a reduced order model. In computing co sp T e2 , 1/z was substituted for x 02 . Further, 
the requirements correspond to Class in vehicles in Categoiy C flight. 
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Without Filtering, k 22 = -3.07 rad/rad/s 
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rable 14 . Si 
For 1,850 in 

'■stem Characteristics With Gain Adjustment 1 

Pitch Rate To Elevator Without Filtering 1 

_k 22 

(r/r/s) 

G)__ 

sp 

>0.7 

(r/s) 

^sp 

>0.35 

(-) 

CAP 

>0.16 

(1/gs 2 ) 

co sp T 92 

>1.3 

{-) 

GM ax.38 

>4.5 

(db) 

^>.38 

>45. 

(deg) 

gm 2 

>8. 

(db) 

0.46 

0.38 

0.47 (min) 

0.0087 

0.19 

-16.49 

48.8 

28.47 

1.12 

0.64 

0.51 

0.025 

0.32 

-0.76 

47.6 

20.74 

3.07 

1.22 

0.56 

0.089 

0.61 

0.00 

51.6 

11.98 

5.22 

1.66 

0.61 

0.17 

0.83 

4.61 

55.2 

7.37 

7.04 

1.97 

1 0.66 

0.23 

0.99 

7.21 

57.5 

4.77 

8 . 84 

2.22 

0.71 

0.30 

1.11 

9.19 

59.1 

2.80 

10.73 

2.45 

0.76 

0.36 

1.23 

10.87 

59.8 

1.11 

12.78 

2.67 

0.81 

0.43 

1.34 

12.39 

59.5 

-0.41 


The entries in Tab. 14 correspond to 0.05 increments in rigid pitch damping, and note that 
one entry corresponds to the gain previously discussed. Level 1 requirements for short period 
damping, frequency and control anticipation, as well as requirements for low-end rigid gain margin 
and high-end rigid phase margin, can all be satisfied with only a small violation in the aeroelastic 
mode 2 gain margin requirement (for k22 = -5.22 rad/rad/s). It should be noted that ratings based 
on omega-tau do not correlate particularly well with those based on control anticipation. In general 
(aside from the noted exception), as loop gain is increased, rigid-body performance requirements 
for predicted Level 1 flying qualities and stability requirements become satisfied just as the 
aeroelastic mode 2 gain margin violates the 8 db requirement. In Tab. 14, negative gain margin 
entries imply a margin deficiency beyond neutral stability. Fig. 70 illustrates the situation further. 
These plots show the CAP vs. £ sp and co sp T02 vs. £J sp predicted pilot ratings with aeroelastic gain 
margin as the parameterization. The 2M aeroelastic mode gain margin is just compromised as good 
rigid-body flying qualities are attained (based on CAP). These relationships support a high level of 

confidence in meeting the closed-loop objectives with the proposed inner loop control architecture 
in Fig. 54. 

Refocus attention on stabilization of the relaxed stability mode in Figs. 68-69. This mode 
is closely tied to the forward speed degree of freedom. One possible solution would be utilization 
of a speed control loop (either elevator or throttle based) to leverage this unconventional low 
frequency mode. This solution may add unnecessary control architecture, and may complicate 
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interfacing issues with a "flight path rate / speed" outer loop control system, the current baseline 
outer loop architecture for HSCT. Here, utilization of the basic pitch augmentation characteristics 


previously discussed is recommended. Simple loop gain increments will stabilize the mode. To 


desensitize the aeroelastic modes to this increased loop gain, a somewhat nonstandard strategy is 
utilized. The Bode magnitude response above 0.01 rad/s will be attenuated uniformly by the 
amount approximately needed to stabilize and robustize the relaxed stability mode (4.5 db). This 
attenuation is achieved from a small lag-lead filter located near 0.01 rad/s. In the critical frequency 
range, there is virtually no loss of phase from this filter. The low frequency instability is then 
stabilized, and original crossover bandwidth is recovered, by overall gain adjustment. 

The Bode plot for this modified loop design appears very similar to Fig. 69, except the dc 
magnitude value is now at 4.5 db. Based on criteria already presented, acceptable pitch handling 
qualities (at the 1,850 in station) and stability margins across the entire frequency spectrum are 
attainable with the modified loop shape. However, examination of the 400 in pitch rate response 
due to stick commands reveals an objectionable level of residual structural vibration. In other 
words, 8 db attenuation of the aeroelastic modes in the 1,850 in loop for stability purposes is not 
sufficient for performance requirements at other stations. Thus, to further attenuate these modes, a 
low pass filter with break frequency at 10 rad/s is inserted into the loop design. The low pass filter 
leads to approximately 6.7 deg of phase loss at the gain crossover point. The overall phase at this 
same point is 1.2 deg shy of compliance with the 45 deg margin requirement. To recover this 
margin, an additional small lead-lag circuit is incorporated near 1 rad/s. 

The final compensator is 


TJ . , , , (s+2) 0.01 (s+0.02) L2 (g+El) 10 

K 22( s ) " K 22— s~ 0.02 (s+0.01) 1.1 (s+1.2) (s+10) 


(4.15) 


and Tab. 15 summarizes the design for a gain value of k 22 = -5.08 rad/rad/s. Also, Figs. 71 and 
72 show the final Bode and Evans features. By exploiting the additional filtering in Eq. (4.15), 
rigid-body stability and performance requirements and aeroelastic stability requirements could all 
be achieved simultaneously, if a sufficient level of gain is selected. However, a low gain was 
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intentionally selected (k 22 = -5.08 rad/rad/s) to keep the residual structural vibrations, in forward 
station responses, to a "sufficiently small" level. For this gain value, the rigid-body gain crossover 
only reaches 1.18 rad/s, as seen in Fig. 71. Short period frequency and damping meet Level 1 
requirements. However, control anticipation only satisfies the Level 2 requirement (see Tab. 15). 
Simultaneously, the rigid-body low-end gain margin and high-end phase margin are very near the 
4.5 db and 45 deg requirement levels, but do satisfy these requirements. In addition, the 
aeroelastic mode 1 gain margin is intentionally set well above the 8 db requirement for reasons 
stated previously. The control anticipation value could easily be boosted to a Level 1 rating with a 
modest gain increment equivalent to approximately 4 db, still leaving approximately 12 db gain 
margin for mode 2. However, a more comprehensive assessment, which additionally considers 
effects on handling qualities from transient response characteristics originating from residual 
vibrations, would, with high probability, predict a lower rating. 


Table 

15 . Design Summary Of 
With Filtering, k 

1,850 in Pitch Rate To Elevator 
22 = -5.08 rad/rad/s 

Metric 

Level 1 

Level 2 

(unit) 

Design 

SD 

>0.7 

>0.4 

(rad/s) 

1.15 

Cso 

>0.35 

>0.25 

(-) 

0.54 

CAP 

>0.16 

>0.05 

(1/gs 2 ) 

0.08 


>1.3 

>0.75 

(-) 

0.58 

GM tD<. 38 

>4.5 

- 

(db) 

4.51 

PM 0)>.38 

>45. 

- 

(deg) 

146.05 

gm 2 

>8. 

- 

(db) 

16.26 


Figs. 73 and 74 show the pitch rate and vertical acceleration responses at the 400 in station 
for the design summarized in Tab. 15 due to a 1 d eg/s nose up command issued at y 2 in Fig. 54. 
The basic closed-loop response shapes are as expected for such a large airframe with a long lever 
arm to the cockpit: pitch rate rises with one significant overshoot and settles near the commanded 
value in approximately 4 s and acceleration generally follows the pitch rate response 
( a z ~ - x b 4 - Uq ). Superimposed on these rigid pitch characteristics, is the residual structural 
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vibrations that remain even after being actively suppressed. These transients would be even more 
severe if the pitch loop gain were increased further to satisfy Level 1 CAP requirements. No 
disagreement will be given concerning the significance of the initial transient motions in these 
responses (especially for acceleration in Fig. 74) and the impact they may have on compensatory 
piloting tasks and ride comfort. However, a refined assessment of the features in Figs. 73-74 
reveals some attractive characteristics. In direct response to a nose up command, ocular and 
vestibular cues (both rotational and translational) stimulating the crew would exhibit high initial 
onset which is in phase with the command signal, and remains so. The observed visual scenery 
would indeed be rapid nose up motion relative to the horizon. Likewise, the crew would initially 
receive a solid "kick in the pants" inertial load in the proper direction. The strength of this inertial 
cue does exhibit transients (approximately 0.02 g or 17% of the steady value, approximately 0.12 
g) for about 1.5 s. However, the acceleration cue does not, and does not come close to, direction 
change (± sign) during these short duration transients. It is quite probable an experienced and 
sufficiently trained pilot could perform successful closures on such dynamics. Quantification of 
these effects, through testing and criteria development, for aeroelastic vehicle dynamics and control 
requires additional work.^ 4 

The response characteristics in Figs. 73-74 are near optimal, under the proposed 
architecture and practical constraints discussed in Sections IV-A through IV-D. Each component in 
the overall multivariable controller is important to, and is tuned for, achieving the dynamic 
performance levels noted in Figs. 73-74. If any single component is removed, the response 
characteristics degrade significantly. This sensitivity should not be confused with robustness to 
unmodeled dynamics and parameter variations. On the contrary. Tab. 15 indicates good 
gain/phase margins and Section IV-F shows good parameter margins, as well. The response 
levels in Figs. 73-74 can be improved upon if greater design risks are taken. A more aggressive 
posture in the aeroelastic suppression loop would damp the residual vibrations seen in Figs. 73-74. 
This would, in turn, allow for more aggressive augmentation in the pitch loop leading to Level 1 
flying qualities (predicted by control anticipation values). A more aggressive filtering strategy in 
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the crossfeed block would also result in reduced initial transients. The proposed crossfeed is 
currently tuned to strike a balance between mode 1 and mode 2 contributions to the initial 
transients, as can be seen in Fig. 74. This report offers several options for the inner control loops 
for a HSCT class vehicle and shows the tradeoffs between these options. However, program 
management must ultimately decide the level and aggressiveness of augmentation that is to be 
undertaken, if this architecture, or a derivative thereof, is adopted. 

In Ref. 13, where scalar-loop architectures were considered for both pitch augmentation 
and aeroelastic suppression simultaneously, a very severe trade between pitch handling 
characteristics and aeroelastic stability existed. In the multi-loop architecture considered here and 
implemented with the additional vane loop, this trade becomes one of pitch handling qualities vs. 
aeroelastic residual vibration, in a performance sense, not a stability sense. Although a significant 
trade issue remains, it is considerably more appealing than one involving basic stability levels. 

With the feedback signals fully exploited, the remaining response deficiencies will be resolved with 
the command signal prefilter. 
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Figure 70. Control Anticipation & Omega-Tau vs. Damping 
For 1,850 in Pitch Rate To Elevator Without Filtering 
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Figure 73. Closed-Loop 400 in Pitch Rate Time Response 
Due To 1 deg/s Command Without Prefilter 
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Figure 74. Closed-Loop 400 in Vertical Acceleration Time Response 
Due To 1 deg/s Command Without Prefilter 
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E. Command Shaping Prefilter 

The residual vibrations noted in Figs. 73-7 4 can be directly traced to the final closed-loop 
dipole structures for modes 1 and 2. The closed-loop poles for modes 1 and 2 are shown in Fig. 
72. Note these locations are not far removed from the locations indicated in Figs. 66-67. Also 
observe from Eqs. (4.5) and (4.7) that the closed-loop zeros, after the crossfeed design step and 
after the pitch loop design step, are identical, aside form any K 22 (s) compensator zeros. 
Therefore, Figs. 66-67 capture the essence of the residual structural vibration problem, and also 
indicate the required command filtering. 

The closed-loop root locations for modes 1 and 2, as computed from the design presented 
in Section IV-D, are listed in Tab. 16. In Figs. 66-67, these poles are denoted by the "+" symbol, 
and the zeros by the symbol. The contribution from each mode to the time response is a 
function of the modal residue, which in turn is related to the dipole magnitude (distance between 
pole and zero). Figs. 66-67 illustrate the optimized dipole characteristics, which are highly 
improved from the basic airframe characteristics, but are still lacking, as evidenced by the 
responses in Figs. 73-74. 


Table 16. Closed-Loop Mode 1 & 2 Root . 

Pitch Rate And Vertical Acce 

Locations For 400 in 
ileration 

Mode 

Poles (1/s) 

Zeros-Pitch Rate (1/s) 

Zeros -Accel (1/s) 

1 

-1.73+i 7.97 

-0 . 99±i 5 . 03 

-1.75 ±i 6.01 

2 

-1 . 48±i 12.75 

+2 . 86±i 8.51 

-0.070+il3.95 


Screening of selected frequencies by the stick filter is based on the listed root locations in 
Tab. 16. First note the pitch rate and acceleration zeros associated with mode 2 are located in the 
right-half plane, or very near to this region. Utilization of left-half plane filter roots rules out any 
significant screening of mode 2. This is of no great concern, as mode 1 is the largest contributor to 
the transient motions. Although the mode 1 pole locations are identical for either response channel 
in Figs. 66-67, the zeros associated with this mode are not. Therefore, some compromise will 
exist when blocking frequency content in the pitch rate response vs. the acceleration response. 


154 








Fortuitously, the cliff filter results in responses with very similar numerator root locations for 
mode 1. 

The prefilter is specified as 

P,( S) = 5 (g+4) 5.7 2 (s 2 +2{0.21}(8.1 }s+8.1 2 ) 30 

4 (s+5) 8 . 1 2 (s 2 +2{0.26}{5.7}s+5.7 2 ) (s+30) ( 416 > 

This filter structure consists of quadratic numerator and denominator factors which lead to poles 

approximately centered between the zeros locations listed above and shown in Figs. 66-67. In 

addition, a small lead-lag factor is included to effectively increase the closed-loop t 62 value in 

hopes of improving the separation between pitch and flight path responses, and to improve the 

control anticipation ratings. This lead filter also has the effect of reducing any phase loss from the 

quadratic factors in the command path. A final component of the prefilter is a low pass element to 

limit the control bandwidth of the pilot inputs above a specified frequency and to further reduce 

excitation energy reaching the aeroelastic modes. The prefilter in Eq. (4.16) is mild in the sense 

that it will not violate physical limitations or possibly saturate limiters and actuators that lie 

downstream. If the filter is not tuned properly, the stability of the inner loops are not compromised 

as the prefilter lies outside of these loops. However, stability of the pilot loop closure is dependent 

upon the tuning accuracy. Since the augmented mode 1 pole and cliff filter zero locations are 

partially dependent on the specified controller parameters, knowledge of their values should be 

high, to some extent, allowing accurate tuning. One can even foresee the possibility of a limited, 

but cockpit adjustable, stick filter to allow pilots to tailor the compromise between screening of 

initial transients in the pitch rate response vs. vertical acceleration response. 

Figs. 75-76 show the pitch rate and vertical acceleration responses at the 400 in station for 
the design from Section IV-D now including the command shaping prefilter P 2 (s) in Eq. (4.16) 
due to a 1 deg/s nose up command issued at y 2c in Fig. 54. Additionally, Figs. 77-82 show the 
responses at several other stations along the vehicle centerline. The effect of the stick filtering is 
evident when the new responses (Figs. 75-76) are compared with those given in Figs. 73-74. 
Initial transients in the acceleration response have been greatly reduced and may only register as a 
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small annoyance that does not impact basic piloting tasks. In addition, the response characteristics 
illustrated at other stations (Figs. 77-82) will reduce passenger exposure to ride discomfort during 
maneuvering flight. The small amplitude transients in the 0.5- 1.5 s region of the forward station 
acceleration response (see Fig. 76) can be reduced even further by adjusting the low pass break 
point from 30 to 10 1/s. However, such a modification leads to large effective time delay. 
Analysis of the new effective t 02 characteristics and the apparent time delay due to the prefilter in 
Eq. (4.16) are addressed in the next section. 



Figure 75. Closed-Loop 400 in Pitch Rate Time Response 
Due To 1 deg/s Command With Prefilter 
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Figure 77. Closed-Loop 1,850 in Pitch Rate Time Response 
Due To 1 deg/s Command With Prefilter 
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Figure 79. Closed-Loop 2,500 in Pitch Rate Time Response 
Due To 1 deg/s Command With Prefilter 
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Figure 81. Closed-Loop 3,460 in Pitch Rate Time Response 
Due To 1 deg/s Command With Prefilter 
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F. Additional Evaluation of Control Law 

In this section, a more in-depth evaluation of the proposed control law from Section IV-A 
to IV-E is considered. Basic stability and performance features of the nominal system, as well as 
limited stability robustness characteristics, were considered in the previous sections to design the 
control system. Here, evaluation of the closed-loop system will concentrate on the following 
items: 

• Stability Robustness 

Isolated Gain And Phase Variations 
Simultaneous Gain And Phase Variations 
Structural Parameter Variations 
Aerodynamic Parameter Variations 

• Performance 

Flying Qualities Based On Equivalent System 
Gust Ride Discomfort 

Finally, several comments are given on Ref. 25, which performed an external analysis of a control 
law based on an "aggressive" variant of the control system presented here. This reference also 
developed a new, alternative control law. 
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Stability Robustness 

Isolated Gain And Phase Variations 


By performing algebraic manipulation, the inner loop architecture in Fig. 54 can be 
equivalently expressed in standard notation as shown in Fig. 83 where 

K j 2 (s) = K j j (s) K cf {s) K 22 (s) (4.17) 

K 2 i(s) = 0 

Loop transfers obtained by individually breaking the system at the two input signals and the two 
output signals indicated in Fig. 83 are 


K llGiiA 1 4TC 12 G 21 A 1 +KG 1 _ 2 A 1 A 2 
1 +K 2 1 G j 2 A 2~*"K 22 G 22 A 2 
K 2 1 G 1 2 A 2 +K 2 2G 22 A 2 +K(j]_ 2 A j a 2 
l+Ki 1 G n A 1 +K 12 G 21 A I 
KilGiiA 1 +K 21 G 12 A 2 +KG 1 _ 2 A 1 A 2 
1 +Ki 2 G 21 A 1+K 22 G 22 A 2 
K 1 2 G 2 1 A i +K 22 G 22 A 2 +KG 1 _ 2 A 1 A 2 
1+Ki jGj 1 A i+K 21 G 12 A 2 
g = K n K 22 -K 12 K 21 


Bode plots corresponding to Eq. (4.18) are shown in Figs. 84-87. Additionally, Tab. 17 lists the 
gain and phase margins computed at each break point. 
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In Tab. 17, all margin requirements are satisfied. In general, the margins computed at the 
input and output for a given channel reflect similar values indicating the closed-loop system is 
balanced" with respect to robustness. The low frequency gain margins and the high frequency 
phase margins for the rigid-body modes are riding the requirement limits, while the aeroelastic gain 
margins are well beyond sufficient levels. These characteristics reflect the superior gain/phase 
behavior of the vane loop, the pitch loop, and the design strategy to reduce residual structural 
vibrations. Note Figs. 84 and 86 are similar in appearance to Fig. 63, and thus reflect the vane 
loop characteristics after the lower frequency pitch loop effects are folded into the system. Also 
note with K 2 i(s) = 0, Fig. 87 is identical to Fig. 71. 
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Stability Robustness 

Simultaneous Gain And Phase Variations 

Consider the inner loop architecture in Fig. 83 re-expressed with vector notation in Fig. 88 

where 


y i' 

n = 

U 1 

A C 

, p= 

0 

(4.19) 

y 2 

y “C 

u 2 

L c 


P 2 



k„k 12 ‘ 

o - 

G 11 G 12 

A = 

Ai 

0 

K 21 K 22 

> 0 — 

G 21 G 22 

9 ** 

0 

A 2 


Fig. 88 also illustrates input and output multiplicative error (Ej(s) and E 0 (s)) that is to be 
considered, albeit separately. Application of stability robustness theory leads to the following 
inequality relationships: 

g[I+{KGA} -1 ] >5[Ej] I eP+fGAK}- 1 ] > C[E 0 ] (4.20a) 

1 >5[{I+(KGA)- 1 }E i ] I 1 >O[E 0 {I+(GAK)- 1 }] (4.20b) 

G[I +{I+(KGA) _1 } -1 eEj] > 0 I q[I + eE 0 {I+(GAK) -1 } _1 ] > 0 (4.20c) 

for 0 < co < °° and 0 < e < 1 

If Eqs. (4.20a) or (4.20b) are satisfied, then stability is maintained in the presence of error. Since 
these two relationships are only sufficient, no conclusions can be drawn when they are violated. 
However, Eq. (4.20c) is sufficient and necessary for stability robustness. Only Eq. (4.20c) can be 

utilized to ascertain precise stability margins. 

Gain and phase variations of equal strength in each channel will be represented as 

Ej = (me-i e - 1)1 , E 0 =(mei e - 1)1 (4.21) 

where m denotes a magnitude parameter with m = 1 being nominal, and 0 represents the phase 
parameter with 0 = 0 giving the nominal system. The parameters m and 0 are used to determine 
the multivariable gain and phase margins for the closed-loop system. Two types of variations are 
considered here: 1) piecewise uniform variations (with respect to frequency) reflecting the multi- 
loop MIL-F-87242 margin requirements and 2) uniform variations. Type 1 is utilized to establish 
compliance with specified design requirements listed in Ref. 2. Type 2 is utilized to determine the 
actual gain and phase margins for the system. 
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Figure 88. Inner Loop Architecture Expressed With Vector Notation 


Figs. 89-90 and 93-94 show the stability robustness characteristics at both input and output 
locations against the design requirements specified in Ref. 2. Although nearly satisfied across all 
frequencies, Eqs. (4.20a) and (4.20b) are not satisfied. In these same figures, however, the 
results corresponding to Eq. (4.20c) are also shown. These results establish that the control law 
design from Sections IV-A to IV-E meets all multi-loop gain and phase margin requirements. In 
these figures, note that characteristics at the input and output are quite similar. Magnitude 
variations indicate that further gain reduction will likely result in a low frequency instability 
(observe the dc values in Figs. 89 and 93 near 0.2 corresponding to a real axis pole approaching 
the origin). The relaxed stability airframe and controller form a conditionally stable system which 
requires a minimum level of feedback gain for stability, and this characteristic is reflected in Figs. 
89 and 93. Also based on the robustness curve shape, further gain amplification will likely result 
m high frequency aeroelastic instabilities. It can also be seen that phase loss strongly influences 
the short period mode (near 1 rad/s) and further phase loss will destabilize this mode. Phase 
advance does not significantly influence the closed-loop stability characteristics. 

Figs. 91-92 and 95-96 show the precise multivariable uniform gain and phase margins 
existing with this system at both input and output locations. The non-conservative inequality in 
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Eq. (4.20c) is utilized to establish these margins. The gain and phase parameters are varied until 
the minimum singular value becomes zero, as seen in the figures. The upper gain margin is 14 db 
(m = 5.2), while the lower gain margin is 4.3 db (m = 0.61). Upper phase margin is 106 deg and 
the lower phase margin is 44 deg. These margins hold at both the input and output, again 
reflecting "balanced" robustness properties between input and output. Further, these margins and 
the corresponding modes that are destabilized correlate strongly with the single-loop isolated 
margins. The numerical values are quite close (4.3 vs. 4.5 db, 14 vs. 18 db, 44 vs. 46 deg, and 
106 vs. 70 deg). The low-end gain margin corresponds to destabilization of the relaxed stability 
mode (0 rad/s), and the high-end gain margin is associated with the aeroelastic mode 1 (8 rad/s). 
The phase loss margin drives the short period mode unstable (1 rad/s), and the phase advance 
margin pushes aeroelastic mode 1 to the right-half plane (8 rad/s). 
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Figure 93. Singular Value Robustness Against 
Multi-Loop MIL-F-87242 Gain Requirement At Output 
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Figure 94. Singular Value Robustness Against 
Multi-Loop MIL-F-87242 Phase Requirement At Output 
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Stability Robustness 
Structural Parameter Variations 

Consider the inner loop architecture in Fig. 88 re-expressed such that the internal parameter 
structure of G(s) is explicit as shown in Fig. 97. This formulation is governed by 


M 


M n 

M 12 

fyj 

hJ 


m 2] 

M 22 

N 

O 


z o = Azj 


where A represents variations in the system parameters of interest. The variables Zj and z D denote 

the input and output signals for A, and M,j(s) represents the corresponding transfer matrices 

between y, Zj and y c , z 0 . The matrices Mjj(s) are functions of K(s) and internal components of 

G(s). Application of stability robustness theory leads to the following inequality relationship: 

£Z[I - eAM 22 ] > 0 (4.23) 

for 0 < co < oo and 0 < e < 1 

Eq. (4.23) is sufficient and necessary to maintain stability in the presence of error and can be 
utilized to establish precise stability margins. 



Figure 97. Inner Loop Architecture With Internal Parameter Variations 


Variations in structural damping ratios will be considered initially. Suppose the vehicle- 
actuator state space model from Eq. (2.8) is manipulated such that 


x = [xj x 2 ] n 


(4.24) 


Xj = all remaining states 


x 2 =[t 1 1 Tl 2 -J 1 
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’*1 


A 11 

A 12 

X 1 

+ 

B , 

*2 


A 21 

A 22 

x 2 

B 2 


y = [ c i c 2 


where X 2 represents the generalized coordinate rates fjj for the aeroelastic modes and Xj represents 
all other states. The partition A 22 is 


A 22 “ 


-(2^-F,^) 



n2 

~ ( 2 C2 0> 2 _F 2 Tl2 ) 


(4.25) 


where ^ denotes the structural damping ratios and other parameters are defined in Eq. (2.12) or 

later in this subsection. The variation in damping will be represented as 

ACi =(m-lKi (4.26) 


where m denotes a scaling parameter with m = 1 being nominal. These variations induce a 
perturbation for A 22 . or 


AA 2 2 - 


-2A^ 1 ® 1 0 

0 - 2AC 2 ®2 


(4.27) 


For the structural damping ratio variations, the matrices M 22 and A in Eq. (4.23) are 

M22 = {si — A22 — A2j(sl — A 11) ^Aj2) ^ ( 4 . 28 ) 

A 11 = A 11 _B 1 KC 1 A 12 = a 12 -B 1 KC 2 

A 21 = A 21 ~B 2 KCi A 22 = A 22 -F 2^2 

A = AA 22 

Nominal values for all £ are 0.02 and Tab. 18 lists the nominal values for 

Fig. 98 shows the stability robustness characteristics against structural damping ratio 
variations. The nod-conservative inequality in Eq. (4.23) is utilized to establish parameter 
margins. The scaling parameter has been varied until the minimum singular value becomes zero. 
As expected, the upper parameter margin is essentially unbounded (m = +°°). Fig. 98 shows the 
characteristics for m = 10, but this is only an example. Significantly larger values for m yield 
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similar results. Variations in this direction push the airframe aeroelastic poles into the left-half 
plane away from instability and the singular value in Fig. 98 does not approach zero. The lower 
parameter margin is equivalent to a 52% reduction in damping (m = 0.48). As seen from Fig. 98, 
this variation pushes aeroelastic mode 4 into the right-half plane (17 rad/s). 



Table 18 . No 


Mode 

©i (rad/s) 

Mode 

©i (rad/s) 

Mode 

©i (rad/s) 

1 

7.83 1 

7 

24.39 H 

13 

56.51 

2 

12.61 1 

8 

29.90 — j 

14 

60 . 82 

3 

16.94 

9 

36.28 1 

15 1 

62.40 

4 

17.30 

10 

43.55 1 

16 

p64 . 24 

5 

19.60 

11 

47.30 ~1 

17 

65.29 

6 

21.05 

12 

54.46 
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Figure 98. Singular Value Robustness Against 
Structural Damping Ratio 
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Variations in structural natural frequencies are considered next. Under this type of 
variation, the partitioned vehicle-actuator state space model becomes 

x = [ x i x 2 x 3 ] Xj = all remaining states (4.29) 

x 2 = [t1iT| 2 "•] x 3=[ r l 1 Tl 2 •'•] T 


x l ^ll A 12 A i 3 X] Bj 

X 2 = A 21 A 22 A 23 x 2 + B 2 U c 

x 3 A 31 A 32 A 33 x 3 B 3 


r i x i 

y = [Cj C 2 C 3 ] x 2 


(4.29) 


Here, x 2 will denote the generalized coordinate positions for the aeroelastic modes and x 3 denotes 
the corresponding rates. Partitions A 32 and A 33 are of interest here. 


= 




A 33 = 


-(2C l0 ,,-F I(ii ) F I]l2 

-(2?2®2- p 2^ 2 ) 


(4.30) 


111 Eq. (4.30), oij denotes the structural natural frequencies. Variation in frequency will be 


represented as 

Ao>, =(m- l)o>j 

The corresponding state space parameter variation matrices AA 32 and AA 33 are 

-(2(0 1 A(o 1 +Aco?) 0 .-I f— 2^ 1 Aco 1 0 

AA 32 = o - (2to 2 Ao> 2 +Aco^) AA 33 = 0 -2C 2 Ag>2 


(4.31) 


(4.32) 


Finally, the matrices M 22 and A become 

I ^22i i M 22 
Moo = 1 11 12 


22 “ [ M 22 21 M 2222 j 
M 22 n = {si- A 22 } _1 A 23 {sI- A 33 }' 
^22 2] = {si- A 33 } -1 


aa 32 0 
o aa 33 


(4.33) 


M 22 12 = (si- a 22 } 1 a 23( sI — A 33> 1 

M 2 2 22 = ^ sI_ A 33} _1 
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A 22 = A 22 + A 23 {si - A 33}"^ 32 A 33 = A 33 + A 32 {sl - A 22 r 1 A 23 

A '22 = A 2 2 + A 2 i {si ~ Aj j } -1 A j 2 A 23 = A 23 + A 2 i(sl-A n } L A 13 

a ' 32 = A 32 + A^! {si - A\ ! } _1 A j2 A 33 = A 33 + A 31 {si - A ! J } -1 A 13 


A11 = An -BjKCi 

A 12 = A 12 -B 1 KC 2 

A 13 = A 13 — B 1KC3 

A 2 i = A 2 j -B.Kq 

A22 = A 2 2-B 2 KC2 

A 2 3 = a 2 3 - b 2 kc 3 

A31 = A31 -B3KC! 

A3 2 = a 32 - B 3 KC 2 

A 33 = A33-B3KC3 


Fig. 99 shows the stability robustness characteristics against structural natural frequency 
variations. The scaling parameter m is again varied until the minimum singular value indicates 
neutral stability. Results in Fig. 99 show the closed-loop system can tolerate a 50% reduction (m 
= 0.5) and a 3 1% enlargement (m = 1.3 1) of the frequency values. On the low-end, the aeroelastic 
modes cluster in the 4 to 40 rad/s region and all are close to instability (mode 3 initially goes 
unstable at 8.6 rad/s). Although not readily apparent from Fig. 99 for m = 0.5, it is interesting to 
note the rigid pitch mode is damped further, through coupling effects, under this variation. This 
behavior can be inferred from basic root migration rules (i.e., poles repel poles). As the structural 
modes migrate in a direction towards the origin under the natural frequency variation, they tend to 
push the rigid pitch mode to the left resulting in higher damping values. On the high-end, the 
aeroelastic modes are again destabilized, to some extent (small singular value in the 20-90 rad/s 
region). However, the initial instability that occurs under this variation is the relaxed stability 
mode which migrates back towards the right-half plane (0 rad/s). Recall structural natural 
frequencies influence the vehicle transfer functions through the dc term in the denominator 
polynomial, which direcdy influences the generalized Bode magnitude values near 0 rad/s. 
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U1 




Structural Natural Frequency 




The final structural variation to be considered is mode shapes. The total variation will be 
decomposed into two separate variations influencing 1) input and output terms and 2) internal state 
terms. Mode shape variations associated with the input and output terms are considered first. The 
vehicle-actuator state space model is partitioned similar to Eq. (4.29), but with different state 
variable assignments. Here, x 2 denotes the generalized coordinate rates, while X3 will denote the 


control surface positions, rates, and accelerations, or 

iT 


x 2 : 


* 11*12 •"] 


8 i - 


*3 = 
where j = E, V 

Partitions A 2 3 and C 2 are functions of the mode shapes with the following structure. 


(4.34) 


A 23 ~ 


f > Sj Vv 

W 28 i 


c, = 


-<]>1 — 4>2 


(4.35) 


qS^, 


l>i r k - F _ qSkfti r k p p. _ Srm c£ e* 

- c L a e 5j F i Sj - -i*- CL a e 8j h *5j L a 5 j 

where k = H, V 

where <j>j denotes the structural mode shapes, £5^ denotes control effectiveness (9a/35 p, and other 

par ame ters are defined in Section II-C. No attempt is made to include dependency on mode shape 

through the modal mass terms m. Nominal mode shape values can be obtained from the data 

given in Appendix C. Variation in deflection shape will be represented as 

A<t>j =(m-l)<)>j (4-36) 


The corresponding state space parameter variation matrices AA 2 3 and AC 2 are 


% 

-r 1 A4>, 
$1 1 

s 

Fl *j 

— - A<bj 

4>i 

F25 j 

^23 “ ^ ^2 

<t>2 

F 25: _ [-AOl -A^-- 

A<t>2 AC 2 

<t>2 . 


Finally, the matrices M 22 and A become 


(4.37) 
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(4.38) 


M 22 = 


M 22 n M 22 12 

Moo Moo 
zz 2l 22 22 


AA oo 0 

0 ac 2 


Ml 1 It II 1 

M 22 n = {si- A 33 }- 1 A 32 {sI- A 22 }- ! 

M 22 21 = {sI-A'^J - 1 

A 2 2 = A 2 2 + A 23 { s I- A33} _1 A 3 2 

b 2 = B 2 + A 23 { s I- A 33 } j b 3 

A 22 = A 22 + A 2l( sI_ A ll} _lA 12 
A 32 = A 32 + A 3l( sI- A 1 1 ) _1a 12 
B 2 = B2 + A 2i(sl- A uJ ^Bj 
A 11 = A ll -BiKCj A 12 = A 12 

A 21 = A 21 -B 2 KC 1 A 22 = A 22 
A 31 = A 31 — B 3 KC! A 32 = A 32 


M 22i2 = ~{ si - A 33 } - 1 B 3 K 

M 2 2 22 = -{sI-A' 22 }- 1 B 2 K 

A 33 = A 33 + A 32(sI - A 22 } A 23 

63 = 63 + A 32 {sI - A 22 } -I B 2 
A 23 = A 23 + A 2 l{ s I“ A ll} ^ A 13 
A 33 = A 33 + A 3l{ s I“ A 1 1 )~ Ia 13 
B 3 = B 3 + A 31 {sI- Ajj} - 1 Bj 

B^C, A ’ 13 = A 13 -B 1 KC 3 

B 2 KC 2 A 23 = A 23 — B 2 KC 3 

b 3 kc 2 a' 33 =a 33 -b 3 kc 3 


Fig. 100 shows the stability robustness characteristics against structural mode shape 
variations related to the input and output terms. The scaling parameter m is again varied until the 
minimum singular value indicates neutral stability. Results in Fig. 100 show the closed-loop 
system can tolerate a 79% reduction (m = 0.21) and a 167% enlargement (m = 2.67) of the shape 
values. On the low-end, the relaxed stability mode migrates back to the right-half plane (0 rad/s) 
under the parameter variation. On the high-end, this same trend occurs. In addition, aeroelastic 
mode 1 moves to the right-half plane (9 rad/s). This aeroelastic instability is the initial instability. 
Note the overall magnitude values in Fig. 100 are much smaller when compared to Figs. 98-99. In 
Fig. 100, the curves approach a value of 1 at higher frequencies, but in the region of interest, the 
values are very small. This feature suggests all modes are destabilized uniformly, in a gross sense. 
Vastly different units for AA 23 and AC 2 may also be a contributor to this behavior. Scaling for 
units was not considered. As a final point, uniform variation of mode shapes theoretically should 
have no influence on dynamic characteristics, since deflection shapes are nonunique. The large 
parameter margins reflect this observation, however, the implemented variation is an 
approximation to exact uniform variations. 
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Now consider the second type of mode shape variation associated with internal state terms. 
The vehicle-actuator state space model is again partitioned as in Eq. (4.29), but here the state 
variable assignments are 


x 2 = 



x 3 =[wqfiif| 2 -] T 


(4.39) 


In Eq. (4.39), x 2 denotes the generalized coordinate positions and x 3 will denote the downward 
speed, pitch rate, and generalized coordinate rates. Partitions A 32 and A 33 depend on the mode 
shapes with the following structure. 


A 32 = 




Z *F 


M. 


^1 


M. 
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*12 

-(^-F 2 ) 
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(4.40) 
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M. 


^2 




M. 


F >w % 


*12 


F 2 F 2 


% 


^2 

~ (2^2®2— F 2-. ) 
”2 


Z — ^ 




__ qSe 


Su Ci 


Z - [X 2 Xk r k i 

1 2mV T { t 2 S C Cl « } 


M = _3r£_ /y^kfk x k r k i 

lvl w t v M 1 

iyy V T k S c c k L a 


M. 


qSc 2 j, Sjj Cjj x k Xj;. k 

i 2i „, v T 't 2 s Tir - r c L a l 


_ qSc 


5 k 4$ 


yy 


F- = -3lL (Y^k Sk ^ pk 1 

‘w miVj { t s e L « } 

F _qSc |Y_£k^k_^ pk , 
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m = fT o ^. k g . k * k ^ r k i 

2IyyVj k S £ C L(X^ 

F = -S^lL (V _2 £k X k pk 1 
*q 2« S V x t f 2 £ 2 C L « } 

F = ~^ g2 [v 2 ^ k Ck ^ r k i 
2m^Vj ‘k 2 5 c H7T C L a } 

where k = W, H, V 
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The parameter again denotes structural mode shapes and other parameters are defined in Section 
II-C. As can be seen from Eq. (4.40), functional dependency upon mode shapes is more involved 
here. <(>j does not appear as a simple multiplying factor, as in Eq. (4.35). To approximately 
represent the actual variation occurring in the physical system, the parameter structure indicated in 
Eq. (4.40) must be utilized. Appendix D develops a least squares solution to estimate the 
component lift curve slopes, assuming all other geometric and inertial data is known. Nominal 
mode shape values can be obtained from the data given in Appendix C and variations in deflection 
shape are modeled as in Eq. (4.36). All generalized mass values mj equal 1 "slinch", as defined in 


Ref. 12. The corresponding state space parameter variation matrices AA 32 and AA 33 are 


^ Z r] 1 az ti 2 
AM^AM^ 

AA 32 = AFj AFj 
51 Mil ^2 

AFt af 2 

All Ai2 


0 AZ nj 4Z^ 2 
0 AM^AM^ 


AA 33 = AFj AFj AF, AF, 

i w *q ‘hi ^2 

af 2 af 2 af 2 af 2 


qSc . y 5 k c k A<J»i k 

AF iw = ^ , l ; TT-^ c L«) 


aSc 5 k e k (AW^A^+A^p 


_ qSc , y A^ r k i 
' 2mV T * k 2 5 c Cl « } 

Alk „ _ qSc 2 fV 0 SkCkXkA^ rk t 

^i-ZIyyVj { k 2 5 C C k £ L{X 

AT , qSc 2 , v 0 s k 5 k x k A<t>i k 

“ 2^ 'f' 2 T ~ ^ T Cl «' 


r s3c 2 lV . S k c„ (A4,,4 l| +«,A* J +A<th,A4, J i 

^'tij ■ 5^ ( tT 2 r - Cl «' 


x'lfUora — \X/ W \7 


Matrices M 22 and A are defined as in Eq. (4.33). 

Fig. 101 shows the stability robustness characteristics against structural mode shape 
variations related to internal state terms. The scaling parameter m is again varied until the minimum 
singular value indicates neutral stability. Results in Fig. 101 show the closed-loop system can 
tolerate a 63% reduction (m = 0.37) and a 196% enlargement (m = 2.96) of the shape values. On 
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the low-end, the relaxed stability mode migrates back to the right-half plane (0 rad/s) under the 
parameter variation. On this same plot, results show the pitch mode is also close to instability. On 
the high-end, this same trend occurs. Both the relaxed stability mode and the pitch mode move 
towards the right-half plane (0 and 2.3 rad/s). This pitch mode instability is the initial instability. 
Again, the magnitude values in Fig. 101 are much smaller overall, as in Fig. 100, indicating nearly 
uniform destabilization of all modes under this uncertainty variation. 



Figure 101. Singular Value Robustness Against 
Structural Mode Shape - Internal 
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Stability Robustness 
Aerodynamic Parameter Variations 

Two aerodynamic parameter variations are to be considered. The first aerodynamic 
variation to be considered is control effectiveness of the elevator and vane. The vehicle-actuator 


state space model is partitioned as in Eq. (4.29), with yet again different state variable 
assignments. Here, x 2 denotes the downward velocity, pitch rate, and generalized coordinate 
rates, while X 3 denotes the control surface positions, rates, and accelerations, or 


x 2 = [w qf)i f| 2 -J 


8j 6j 5j 


x 3 = 

where j = E, V 

Partition A 23 depends on the control surface effectiveness as follows. 

z h Zs j Zs j 


A 23 - 


z, =- 


q5 k 

m 


Mg. Mg. Mg. 

F l5j Fl 5j Fl 5j 

F 28j F 28j F 28j 


q5 k 


q s k 


(4.42) 


(4.43) 


C L a £ 5j Z Sj = - ^ C^Bg. Zg. = - V C L^ 8j 

M 5j = ^<t o e 5 . M 8j = 3^cL o e 6j M 5j = 3^cL o e 5j 

F is , Fjj. , Fjj. defined in Eq. (4.35) 

S j ‘Sj 'Sj 

where k = H, V 

The parameter Eg. denotes control effectiveness (da/dSj), and other parameters are defined in 
Section II-C. Nominal effectiveness values are estimated from handbook charts and are £g = 0.6 


and Bg y = 1. Variation in effectiveness will be represented as 


Ab 5 . =(m-l)£g. 


(4.44) 


The corresponding state space parameter variation matrix AA 23 is 
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Finally, the matrices M22 and A become 


M 22 — — { si — A33} ! A 3 2 A = AA 23 

A 33 = A33 + A 31 {si - A 1 1 } _1 A 13 + A 32 {si - 

n» » M 4 , 

A 32 = A 32 ( sI " A 22} _ + A 31 {sl " A ’l l }~ 1 A 12 {sI - A 22 } _1 


A 11 ~ A 11 + A 12{ s I" A 22) * A 21 
A 22 = A 22 + A 2i{ s I -A h} _1 A 1 2 


A 13~ A I3 + A 12( sI-A 22} 1a 23 

A 23 = A 23 + A 21 “ A 1 1 } _1 A 13 


A 11 = A 11 -BiKCi 
A 21 = A 21 ~B 2 KCi 

A 31 = A 31 -B3KC1 


A 12 = A 12 B iKC 2 
A 22 = A 22~ B 2^2 
A 32 = A 32 — B 3 KC 2 


A 13 = A 13 ~ B 1 KC 3 
A 23 = A 23-B 2 KC 3 
A 33 = A 33 ~ B3KC3 


(4.45) 


(4.46) 


Fig. 102 shows the stability robustness characteristics against aerodynamic control 
effectiveness variations for the elevator and vane. The scaling parameter m is again varied until the 
minimum singular value indicates neutral stability. Results in Fig. 102 show the closed-loop 
system remains stable for a 50% reduction (m = 0.5) and a 450% enlargement (m = 5.5) of the 
effectiveness values. On the low-end, the relaxed stability mode migrates back to the right-half 
plane (0 rad/s) under the parameter variation. This trend can be expected since aerodynamic 
control effectiveness directly impacts loop gain, and this right-half plane airframe mode requires a 
minimum level of gain for stability. Fig. 102 also indicates pitch stability is compromised (1 
rad/s). On the high-end, aeroelastic mode 1 moves to the right-half plane (9.5 rad/s). Variations in 
this direction are also critical. The system is known to have stability problems when the pitch loop 
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Mag. 


control bandwidth is set at excessively high values, and Fig. 102 agrees with this behavior. 
Overall singular value levels are again small when compared with Figs. 98-99. 








Now consider the second type of aerodynamic parameter variation associated with lift curve 
slope of the horizontal tail and vane. The vehicle-actuator state space model is partitioned as in Eq. 
(4.29) with identical state variable assignments as in Eq. (4.39): x 2 denotes the generalized 
coordinate positions and x 3 denotes the downward speed, pitch rate, and generalized coordinate 
rates. Partitions A 32 and A 33 are functions of the lift curve slopes as shown in Eq. (4.40) where 
C L a denotes the lift curve slopes for the horizontal tail and vane surfaces. Other parameters are 
defined in Section II-C. As in the internal mode shape analysis, functional dependency upon lift 
curve slope m Eq. (4.40) is more complex when compared with an overall multiplying factor 
structure, as in Eq. (4.35) or (4.43). To represent the variation, the parameter structure indicated 
in Eq. (4.40) must be utilized. Appendix D provides an estimate for the nominal component lift 
curve slope values: = C? o =2.073 1/rad. Variation in lift curve slope is modeled as 

AC L a = (m-l)C£ a (4.47) 


The coiresponding state space parameter variation matrices AA., and AA 
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{ k 5 e c k 5 



Note perturbations in the control derivative terms due to lift curve slope variations have not been 
considered here. Matrices M 2 2 and A are defined as in Eq. (4.33). 

Fig. 103 shows the stability robustness characteristics against aerodynamic lift curve slope 
variations for the horizontal tail and vane surfaces. The scaling parameter m is again varied until 
the minimum singular value indicates neutral stability. Results in Fig. 103 show the closed-loop 
system maintains stability over a 98% reduction (m = 0.024) and a 1,100% enlargement (m — 
1 1.99) of the lift curve slope values. On the low-end, the relaxed stability mode migrates back to 
the right-half plane (0 rad/s) under the parameter variation. Note the pitch mode is near instability 
also (1 rad/s). Horizontal tail lift curve slope contributes directly (through a moment arm) to pitch 
damping (M q ) and pitch stiffness (M w ). The low-end variation subtracts from this contribution, 
yet the pitch augmentation loop is able to compensate for a significant loss. On the high-end, a 
similar trend occurs but the margin is much larger. This variation is in the noncritical direction and 
adds to the airframe pitch stiffness and damping characteristics. Further investigation would be 
required to determine the instability mechanism occurring here. Overall magnitude values in Fig. 


103 are again small. 
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Tab. 19 summarizes the multivariable stability robustness characteristics of the proposed 
inner loop control system given in Sections IV-A to IV-E. This table includes modified MIL-F- 
87242 criteria, as well as gain and phase margins and parameter margins. The stability robustness 
characteristics of the control system appear quite acceptable. Recall single-loop gain and phase 
margins were incorporated into the system in a manner which included all significant coupling 
effects (with the exception of propulsive-aeroelastic coupling). Further, the design strategy 
avoided steps which would introduce heavy reliance upon model fidelity and associated 
vulnerability to parameter model uncertainty. A notch filter was utilized in the aeroelastic 
suppression loop. However, basic system stability did not rely upon this equalization. If the 
notch frequency was not properly matched to the airframe dynamics, stability characteristics revert 
back to the inherent features of the collocated vane and rate gyro loop, which is of superior quality 
(see Figs. 56-57). Therefore, the adequate multi-loop margins in Tab. 19 are expected, to some 

extent. 


1 Table 19 . Summary Of Multivariable Stability Robi 

istness 

Robustness Metric 

Upper 

Margin 


Mod. MIL-F-87242 Gain @ Input 

V 

V 

Mod. MIL-F-87242 Gain @ Output 

V 

V 

Mod. MIL-F-87242 Phase @ Input 

V 

V 

Mod. MIL-F-87242 Phase @ Output 

V 

V 

Uniform Gain @ Input 

14.3 

(db) 

4.3 

(db) 

Uniform Gain @ Output 

14.3 

(db) 

4.3 

(db) 

Uniform Phase @ Input 

106 

(deg) 

-44 

(deg) 

Uniform Phase @ Output 

106 

(deg) 

-44 

(deg) 

Uniform Structural Damping Ratio 

oo 

(%) 

52 


Uniform Structural Natural Frequency 

31 

(%) 

50 

(%) 

Uniform Structural Mode Shape - In & Out 

167 

■01 

79 

(%) 

Uniform Structural Mode Shape - Internal 

196 

m 

63 

(%)_ 

Uniform Aerodynamic Control Effectiveness 

450 


50 

■01 

Uniform Aerodynamic Lift Curve Slope 

1100 


98 

(%) 1 


V: Compliance with requirement satisfied. 
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Performance 

Flying Qualities Based On Equivalent System 

Flying quality estimates given in Section IV-D are based on numerical data taken directly 
from the full order model (excluding the prefilter). For example, full order transfer function root 
locations were used to obtain short period natural frequency (co sp ) and associated numerator time 
constant (x 02 ) values. The control anticipation metric, in turn, was estimated from these values. 
Even though aeroelastic motions and other dynamics are included in the design model, their 
influence upon the predicted pilot ratings is not directly and fully accounted for. Since the criteria 
do not encompass these effects, the aeroelastic modes and other dynamics (including the prefilter 
elements) must be folded into the quasi-conventional airframe transfer function parameters utilized 
in the flying quality predictions. Therefore, a refined handling qualities analysis based on 
equivalent system concepts is considered next. However, a formal parameter optimization model 
fitting procedure is not considered in this analysis. Here, conventional model reduction 
techniques 26 will be utilized. 


Suppose the overall closed-loop state space system (including P 2 (s) in Fig. 54) in physical 
coordinates is 


x = Ax + By 2 

y = Cx + Dy 2c (4.49) 

By performing an eigen decomposition for A, the model in Eq. (4.49) can be transformed to modal 
coordinates (x = T*), or 


%=JfrC+$y 2c 

y = Cz+'Dy 2c 

J4=T _1 AT ®=T -1 B 

C= CT £>=D 


(4.50) 


Consider partitioning the state vector % into three components where q represents the two modal 
states corresponding to the oscillatory pitch mode. Modes with frequency content below the pitch 
mode will be denoted by ^ and higher frequency modes are represented by 
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(4.51) 


*1 

*2 



A n 0 0 

0 -^22 0 

*1 

*2 

4 * 


*3 


0 0 ^33 

*3 





Truncation of the tq states and residualization of the ^3 states leads to the reduced order model 


below. 


Kr = ArKr + 

y = c r K I + ‘D T y 2c 

^ r =^22 ® r =®2 

Q = © r =©-C^» 3 


(4.52) 


Recall handling quality predictions given in Section IV-D were based on the 1,850 in 
station. This station provided an average assessment of the pitch dynamics by lying near the mid 
fuselage point, and allowed direct comparison with Ref. 13 results. In this section, the order 
reduction steps listed in Eqs. (4.49)-(4.52) are applied to the q 40 (/y 2 c input-output pair. With this 
noted change, handling quality predictions will now be based on the resident pitch dynamics 
imbedded within the manual control loop. This station difference should be noted when comparing 


results in this section to results in Tab. 15. 

After applying the above steps, the resulting low order transfer function is 
S400 = -°; 18 jlt 1 : 8 l (S ^; 9) rad/s/rad 


(4.53) 


y 2c (s+0.62±j 0.97) 

This transfer function is proper (not strictly proper) and thus is not in the appropriate low order 
form . 1 - 2 The indicated structure is an inherent consequence of the direct feedthrough matrix 


generated by the reduction technique. The higher frequency dynamics have been approximated by 
a steady residual effect in the reduced order dynamics. Even though the original feedthrough 
matrix is zero (D = (D= 0), the reduced feedthrough matrix is nonzero (2> r * 0) due to the residual 
term C 3 A 3 y l ‘B 3 appearing in Eq. (4.52). This lack of a strictly proper transfer structure in Eq. 
(4.52) turns out to be beneficial for estimating an irrational effective time delay parameter from the 
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rational polynomial structure. As frequency increases, the phase angle corresponding to the 

numerator factor s-4.9 varies from -180 to -270 deg, and will be interpreted as pure phase loss 

(effective time delay) resulting from the higher frequency dynamics. By equating phase loss at 5 

rad/s (the recommended cutoff frequency for the equivalent system from Ref. 2), and by 

preserving gain at 0 rad/s, the low order model in appropriate form is 

q 4 00 _ 0.18x4.9(s+1.8)e“° 16s . . 

? 2 C (s+0.62±j 0.97) rad/ s/rad (4.54) 

Fig. 104 shows the frequency response comparison between the high order and low order 
models in the 0. 1 to 10 rad/s region. The low order model reflects the gross behavior contained in 
the high order model and provides an adequate overall match to these characteristics. As expected, 
the largest mismatch occurs at the higher frequencies where the low order model structure can not 
fully represent the various modes existing in this region. The magnitude response has a bias error 
across the entire frequency spectrum, while the phase response has a bias in slope at the higher 
frequencies. The payoff value is 89 when computed between the frequencies of 0.5 and 5 rad/s. 
The phase response mismatch in the 2-5 rad/s region could be easily removed by increasing the 
time delay parameter in Eq. (4.54). Doubling the value of this low order model parameter would 
lead to significantly lower payoff values. However, flying quality estimates generated from such a 
model, and based on equivalent time delay, would be unfairly skewed towards poor ratings 
because other low order model parameters were fixed during this time delay parameter adjustment. 
In contrast to a quasi-parameter optimization fit, analysis here will rely upon the physical 
mechanisms inherent in the the high order model, and their mapping into the low order model via 
the reduction process, to ascertain parameters used to predict handling qualities. These parameters 
are precisely those indicated in Eq. (4.54). Fig. 105 shows the inherent accuracy in these 
parameters when the low order frequency responses are uniformly scaled across the frequency 
spectrum to yield a minimum payoff value (scaling equal to mei®, m = 0.9, 0 = -9 deg). The 
payoff value here is 37. 
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Tab. 20 summarizes the predicted flying qualities for the overall closed-loop system 
(including the prefilter) based on the low order approximation to the 400 in pitch rate dynamics. 
Tab. 20 includes all metrics considered in Tab. 15, as well as equivalent time delay (T e ). Short 
period frequency and damping meet Level 1 requirements. However, control anticipation only 
satisfies the Level 2 requirement and omega-tau falls just short of the Level 2 boundary. Under the 
validity of Fig. 105, Tab. 20 indicates equivalent time delay satisfies the Level 2 requirement and is 
close to the Level 1 boundary. 

Note the effect from the lead-lag prefilter element in Eq. (4.16) on the 1 /Tq 2 zero in Eq. 
(4.54) with respect to the full order model value (1.8 vs. 2 l/s). Elimination of the lower and 
higher frequency modes through the order reduction process also influences the low order 1 /t 02 
zero location to some extent. This smaller value for 1 /xq 2 increases the CAP and co S pT 0 2 metrics in 
Tab. 20 relative to Tab. 15. However, the improvement is not enough to cross the Level 1 
boundary. Additional lead behavior in the prefilter can be utilized to address this deficiency with a 
tradeoff of distorting the small amplitude transients noted in the acceleration response in Fig. 76. 
Another important prefilter effect to note is the relationship between the equivalent time delay in 
Tab. 20 and the prefilter low pass break point in Eq. (4.16). As noted in Section IV-E, adjustment 
of the break point from 30 to 10 1/s will significantly reduce the acceleration transients in Fig. 76. 
However, the equivalent time delay is very sensitive to this prefilter parameter and will more than 
double in value under the indicated change. 

Under the caveat that criteria in Tab. 20 have not been fully validated for highly flexible 
vehicles like HSCT, and that efforts here are to explore feasibility of inner loop control 
architectures and provide first-order estimates of associated handling characteristics, Tab. 20 
indicates the low-risk, low-gain closed-loop airframe system has Level 2 dynamics. Basic modal 
characteristics (co S p, C S p) are well above adequate values, but other characteristics such as pitch- 
flight path response harmony and initial response delay (CAP, T e ) are only adequate and may 
require objectionable piloting work load over sustained periods. As discussed in Section TV-D, the 
feedback gains for this system are kept intentionally low to reduce residual structural vibration 
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transients. If a more aggressive posture is considered in the aeroelastic suppression loop and 
crossfeed path, or if pilot tolerance to vibrational transients is higher than levels assumed in this 
design, then pitch augmentation can be increased further. Basic Evans and Bode features show 
that increased pitch augmentation will easily boost CAP to the Level 1 region without 
compromising hard stability margin requirements. The concern is how much risk should be taken 
in aeroelastic control augmentation, what are the demands on actuation hardware performance, 
how applicable are existing flying quality criteria to flexible vehicles, and where do the boundaries 
between poor, adequate and good flying qualities actually lie. 


Table 20. Estimated Flying Qualities Summary Of 400 in 




2 

(unit) 

Design 

(jrt _ 
SD 

>0.7 

>0.4 


(rad/s) 

1.15 

£sd 

>0.35 

>0.25 


(-) 

0.54 ' 

CAP 

>0.16 

>0.05 


(1/gs 2 ) 

0.09 " 

®sd t 02 

>1.3 

>0.75 


(-) 

(0.63 

x e 

>0.15 

<0.23 


(s) 

0.16 
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Figure 105. Closed-Loop 400 in Pitch Rate To Stick Command 
Scaled Frequency Response Comparison 






Performance 

Gust Ride Discomfort 

Ride quality associated with the closed-loop airframe system presented in Sections IV-A to 
IV-E will be evaluated with the gust ride discomfort index. 2 This integral frequency response 
criteria reflects the amount and severity of passenger or crew exposure to vertical acceleration 
transients during atmospheric gust excitation. The criteria provides emphasis in critical regions 
where biodynamic sensitivity to transients is high. The ride discomfort index (Ord) is computed 
as 


°RD “ K RD°w g 

(-) 

KrD = { f 1/2 

Jo 

(1/ft/s) 

%)(©) = ITrd(®)I 2 IG a z G xs (®)! 2 *w Q («» 

(s/ ft 2 /s 2 ) 

Trd(s) - 1 13.2 ( s+ 2.8)(s+5.75)(s+69.9) ’ S 

(1/g) 

G»G (s)= ai,l f > ) . s = ja> 
a z xs W G (s) 

(g/ft/s) 

, , *w G (o» , 

° W G (C0) a WG {i+(i.339^) 2 } 11/6 

(S) 


In the above expressions, G^G (s) denotes the closed-loop transfer function between vertical 
acceleration at fuselage station x s and vertical gust speed w G . The gust velocity power spectral 

density d> WG (to) is modeled with the von Karman spectrum and the superscript denotes a 

normalized spectrum with respect to gust intensity ct W( -j. Trd(s) represents a biodynamic response 
of the human and plays the role of a weighting filter to emphasize critical frequency regions 
associated with ride discomfort. The independent frequency variable © should have units of rad/s 
in the above equations. Note the index can be scaled with turbulence intensity and Krq denotes 
the proportionality value. 

Ref. 2 provides some guidance on acceptable values for the ride discomfort index. For a 
turbulence intensity of c WQ = 3.65 ft/s, the quality of ride is judged acceptable if a RD < 0.28 for 
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exposure periods of 0.5 hr or less and a RD < 0.2 for exposure periods between 0.5 and 1 .5 hr. 
Tab. 21 shows the proportionality constant and ride discomfort index (for a = 3.65 ft/s) 
computed at four representative fuselage stations throughout the vehicle. The estimated ride quality 
appears to at adequate levels. Ride quality at three of the four fuselage stations are below the short 
duration requirement with only a small violation of the long duration requirement at the 1,850 in 
station. Ride of lesser quality at a mid-fuselage station, relative to an extreme fore or aft station, 
initially appears counter intuitive. Recall, however, the vane-tail configuration provides high 
control leverage at the fore and aft extremities, and indirectly controls mid-fuselage stations 
through structural compliance. Even indirect control provides adequate ride quality, in this case. 

Fig. 106 shows the frequency distribution, and component distribution, for the argument 
%D(a» of the integral criterion at the 400 in station. The closed-loop airframe trace demonstrates 
that, even though aeroelastic resonances are well attenuated in the stick command path, the same 
resonances are vulnerable to high bandwidth turbulence excitations. Note the vane loop damping 
effect on the 8-20 rad/s modes (rounded peaks), while the higher frequency modes beyond 20 
rad/s are still lightly damped (sharp peaks). Note the biodynamic weighting trace can 
amplify/deamplify individual modes. Fortunately, the trial gust spectrum (o W(J = 3.65 ft/s, L = 
2,500 ft) does not have sufficient energy content to strongly excite the structural resonances. With 
the aeroelastic region attenuated 30 db relative to the low frequency overall trace, ride quality 
performance is influenced primarily by rigid motion characteristics. For other intensity and scale 
height combinations, however, the ride quality could degrade due to aeroelastic effects. 


Table 21. Estimat 


Fuselage Station (in) 

KrD (1/ ft/s) 


400 

0.0525 

0.192 

1,850 

0.0813 

0.297 j 

2,500 

0.0445 

0.162 

3,460 

rr — 'X ff/o T o caa r* 

0.0468 

0.171 j 


a W(J = 3.65 ft/s, L = 2,500 ft 
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Comments On Reference 25 

Ref. 25 conducted an evaluation of a preliminary controller based on the high gain option 
(Eq. (4.1 1) ) for the aeroelastic suppression loop. The evaluation emphasized robust stability and 
performance characteristics based on singular value criteria. The evaluation provided some insight 
into the strengths and weaknesses of such a controller and considerable descriptive comments were 
given. In addition, a modified controller was considered to circumvent noted weaknesses in the 
original controller. Several comments on this evaluation and the modified controller are in order. 
Note the recommended control law offered in this report does not rely on this high gain option. 

Ref. 25 claims a significant weakness of the preliminary controller is high bandwidth in the 
aeroelastic suppression loop and associated requirements for high performance actuation hardware. 
From Ref. 25, one reads 

"... Second, the aeroelastic suppression loop is a very high-bandwidth loop ... is a 

questionable solution as it amplifies noise and will almost certainly lead to actuator 

rate saturation ..." 

Section IV-B of this report discusses this issue and the risk involved with such a strategy. 
Equalization of the type in Eq. (4.11) will, without a doubt, place heavy demands on actuator 
performance. Never the less, high bandwidth in this loop may still be necessary to allow sufficient 
pitch augmentation bandwidth for Level 1 flying qualities, and to control higher frequency 
vibrational motion excited by gusts. If such a loop were implemented, and if the hardware could 
not deliver the demanded performance, the loop, in some sense, would tend to revert back to the 
collocated static compensation characteristics, which are quite good (see Figs. 56-57). The 
recommended control law in this report takes a less aggressive stance in the mode suppression loop 
and the consequence is handling qualities do not quite reach Level 1 ratings. 

Ref. 25 also claims another significant drawback of the preliminary controller is insufficient 
high frequency roll off in the aeroelastic suppression loop and associated stability robustness. 
From Ref. 25, one also reads 
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"... Third, there is a more fundamental problem with the aeroelastic suppression 
loop. It never rolls off! Rather, it relies on phase stabilization ... Ultimately, the 
loop must roll off and be gain stabilized ..." 

This statement suggests the authors of Ref. 25 do not folly appreciate the benefits afforded by the 
Wykes structural mode control paradigm. Collocation provides phase stable behavior and lessens 
the need for "artificial" controller attenuation. Reliance on "natural" airframe-actuator attenuation 
characteristics is satisfactory. Refs. 15 and 27 provide strong supporting evidence. The B-l 
SMCS loop utilizes acceleration feedback with a 10/(s+10) roll off filter. However, the purpose of 
this filter is to provide approximate integration to achieve a rate signal for damping purposes. Pitch 
rate feedback with no roll off filter provides an equivalent system. 

Finally, Ref. 25 claims two other drawbacks of the preliminary controller are 1) lack of 
angle of attack feedback and associated inability to stabilize the phugoid mode, and 2) insufficient 
low frequency gain to provide good stick command tracking. Ref. 25 states 

"... First, the pitch augmentation loop uses only pitch-rate feedback for control. 

Thus, it cannot stabilize the phugoid mode ... it lacks sufficient gain at low 
frequency to ensure good command tracking for stick inputs. It could benefit from 
some angle of attack feedback ..." 

This statement also suggests the authors of Ref. 25 do not fully appreciate the benefits of the 
"superaugmented pitch loop" 79 At the flight condition under study, the HSCT airframe does 
not have a traditional phugoid mode. The aircraft is statically unstable with one stable oscillatory 
mode (i.e., the "third oscillatory mode") and two aperiodic modes, one stable the other unstable. 
Pitch rate feedback stabilizes the right-half plane pole by driving it into the 1 /Tqj zero, the left-half 
plane pole is driven into the 1/^02 zer °, and the third oscillatory mode becomes the dominant pitch 
mode. All this is achieved without relying upon aerodynamic-based feedbacks which depend on 
airdata system calibration and are susceptible to atmospheric disturbances. Ref. 28 provides strong 
supporting evidence. 
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Ref. 25 provides a modified controller whose stated objectives are to address only mode 1 
and attenuate all others. From Ref. 25, one reads 

... One simple modification to the aeroelastic suppression loop is to phase stabilize 
only the first mode and gain stabilize remaining modes ... It employs a lag-lead 
compensator (rather than lead-lag) ..." 

Such an objective, for the HSCT airframe model in this report, is naive in many respects. 
Airframe dynamic characteristics indicate neighboring modes (mode 2, 3, 6 and 7, for example) are 
significant contributors to the vibrational transients. An inner loop control system that does not 
address these additional modes will most likely have poor characteristics. For example, consider 
the 400 in pitch rate response associated with the modified controller in Fig. 3-19, Ref. 25. The 
response shows considerable frequency content (15 to 25 rad /s) even after 2 s of motion. These 
transients will be even more severe when gust excitations are considered and no feedforward action 
is available to counter the gusts. Insertion of lag into the aeroelastic suppression loop spoils 
inherent collocated phase behavior. Analysis shows that lag severely restricts the usable gain in 
this loop (see Eq. (4.10), Figs. 58-59 and the associated discussion), and in the end mode 1 can 
not even be sufficiently damped. Even the controller in this report suffers from such effects 
because it does not employ the aggressive, high bandwidth strategy. However, the controller 
recommended in this report is of higher bandwidth, and addresses more modes, than the modified 
controller offered in Ref. 25. 

To summarize, the preliminary controller evaluated by Honeywell staff and reported on in 
Ref. 25 is on the aggressive, high risk end of the spectrum. Such a controller utilizes high 
bandwidth and high gain, and will require high performance from actuation hardware. The 
modified controller offered by Honeywell staff (also in Ref. 25) is on the passive, low risk end of 
the spectrum. This controller is low bandwidth and low gain, by nature, and does not tax current 

actuation technologies. The recommended control law offered in this report lies between these two 
extremes. 
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Section V 

Forward Vane Sizing Requirements 


A. Sizing Strategy Formulation 

The inner loop flight control architecture presented in Section IV provides a highly 
attractive solution for the HSCT airframe. A most critical step in this development is the 
introduction of a secondary control surface. The additional aerodynamic surface facilitates 
dedicated control loops focused on structural mode suppression and pitch augmentation, and 
allows formidable design constraints to be realistically approached. All analysis and synthesis 
results presented in Section IV are based on the specific vane model documented in Section II-C. 
This vane model is a "first cut" design based on similarities with other high-speed elastic vehicle 
geometries (i.e., B-l and XB-70). This vane model facilitated rapid entry into closed-loop design 
investigations. However, the vane may be undersized, or oversized, based on such a preliminary 
model. To address this concern, a vane sizing analysis is provided in this section. 

At the most basic level, vane sizing decomposes into specification of the mounting location 
along the fuselage and the planform surface area. The airframe mechanics and the functional role 
the vane is targeted to fulfill dictate where desirable mounting locations exist. For a freely 
constrained elastic body, the characteristic deflection shapes are maximal at body appendage 
extremities. For the HSCT fuselage, modal data in Fig. 28 confirms this behavior. Fuselage 
stations associated with large mode shape deflections include well forward and well aft stations. 
Assuming the primary role of the vane is to provide mode suppression, the mounting location 
should be well forward to maximize control leverage, yet should not compromise practical 
considerations like pilot visibility and internal volume availability. A mounting location of 400 in 
appears to satisfy all these requirements. Therefore, the vane sizing issue boils down to one of 
specifying planform surface area. 
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Figure 107. Vane Surface Area Upper And Lower Bounds 


Upper and lower bounds, arising from natural design constraints, will influence and 
ultimately determine the vane surface area requirements. Fig. 107 portrays these bounding 
limitations. The forward vane will influence static vehicle performance characteristics in numerous 
ways. Range is one important metric that can be used to illustrate these characteristics. To first 
order, the Breguet range formul a 30 for turbofan systems during cruise indicates how aerodynamic, 
structural and propulsive characteristics contribute to range R, or 


In Eq. (5.1), C L /C D denotes the vehicle lift to drag ratio, £ denotes the vehicle mass fraction (fuel 
mass divided by initial total mass) and c denotes the vehicle thrust specific fuel consumption. 
Although the vane will add increments to the overall vehicle lift and drag coefficients, the most 
important aerodynamic influence will most likely be disruption of airflow quality over the main 
wing. Vortical and downwash impingement on the main wing will degrade the overall lift to drag 
ratio. In a similar fashion, the flow quality at the propulsion inlets may deteriorate, resulting in 
reduced propulsive efficiency. Finally, the vane and carry through support structure will decrease 
the mass fraction. In each case, the range suffers incremental effects, according to Eq. (5.1), and 
may threaten the vehicle concept viability. Therefore, an upper bound on the vane surface area 
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naturally arises to limit these performance drops. For such an important issue, nonlinear 
simulation encompassing all mission flight phases would ultimately be required to obtain accurate 
estimates. Performance analysis calculations lie outside the scope of this study. 

Control power, on the other hand, ultimately sets the lower bound on the vane surface area. 
Sufficient area is required to maintain vane deflections within acceptable levels during normal and 
possibly extreme flight conditions. If the surface area is too small, large vane travel will be 
required to generate the necessary control forces for mode suppression. Excessive vane travel can 
lead to the presence of nonlinear behavior associated with off-center hydraulic ram positioning and 
hard stops, as well as separated flow from the vane leading edge. Additionally, these deflections 
can lead to large vane-fuselage wall gaps and associated nonlinear aerodynamic flow phenomena. 
Avoidance of operation in these nonlinear regions is highly desirable. If static vehicle performance 
is paramount to concept viability, the vane would tend to be sized by the lower bound as shown in 
Fig. 107. In this figure, surface area is selected to just satisfy control power requirements with 
minimal performance decrements. Estimation of the lower bound is an issue easily addressed in 
this analysis. 

A closed-loop simulation strategy will be utilized to estimate this lower bound for the vane 
surface area. Fig. 108 summarizes this sizing strategy. The closed-loop system described in 
Section IV will be excited by various maneuver commands and atmospheric gusts. Vane travel and 
rate activity will be recorded during the motion transients resulting from such excitations. From 
each vane response, maximal travel and rate values will be extracted. By contrasting these peak 
values with design limits on vane travel and vane rate, the lower bound for the vane surface area 
can be "reverse engineered" from the data. Balancing the vertical load on the baseline vane model 
with a redesigned vane playing the role of the actual hardware provides the mathematical 
framework. In Fig. 108, the symbol " ' " denotes a variable associated with the redesigned model. 
Under the modeling assumption of linear, quasi-static air flow, and assuming the only angle of 
attack source is vane control deflection, consider balancing these loads at the peak travel. 

qSvC^Vma^^F'F^^vCL^Vmax < 5 ' 2 > 
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Simulation 



Figure 108. Vane Sizing Summary 
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Solving for 5 V leads to 


C v x 

p' _ q L a Oy max ^ 

— ~ \ 7 • 


q' cT 8 


L a u Vmax 


Eq. (5.3) provides the fundamental relationship for backing out the surface area lower 
bound given appropriate input data. The redesigned surface area plays the role of the lower bound. 
The ratios of dynamic pressure, lift curve slope and peak vane travel, between the baseline model 
and the redesigned model, scale the base line area into the redesigned area. Large values for peak 
vane travel from the baseline simulation, relative to the travel design limit, indicate insufficient 
surface area and would require enlargement to keep vane operations within acceptable regions. On 
the other hand, smaller values for this vane travel ratio imply the baseline vane model is grossly 
oversized with ample control power and could be reduced to lessen the impacts on static vehicle 
performance (see Fig. 107). By taking the derivative of Eq. (5.2) with respect to time, surface 
area based on vane rate activity can also be estimated. 


r v x 

3 L a Oy max p 

6 v - 7 -pr 

9 C L a °V max 


For all computations in this report, and q — q are enforced, but if refined analytical 

modeling data, or test data, for the lifting or dynamic pressure behavior were to become available, 
they could be incorporated into Eq. (5.3)-(5.4). 
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B . Closed-Loop Simulation Results 

Excitation inputs for the simulation runs consist of both maneuver commands and vertical 
atmospheric gusts. These test inputs should exercise vane motion to a sufficient level, and should 
represent realistic applications. Three maneuver commands and three atmospheric gusts are 
considered. The maneuver command inputs consist of a step, sinusoid and square wave applied at 
the stick input y 2c in Fig. 54. For this system, recall stick inputs command pitch rate. The step 
input represents a hard nose up or nose down maneuver such as would be executed during go 
around or for high angle of attack recovery, while the sinusoid input represents some type of 
tracking task. The square wave input is intended to portray an unexpected adverse pilot-aircraft 
coupling exchange. The first cycle of this square wave input is a doublet and could also represent 
a mid-air collision avoidance maneuver. Atmospheric gust inputs consist of a step, sinusoid and 
turbulence applied at the signal w G in Fig. 54. Vertical shear or a periodic thermal updraft are 
modeled by the step and sinusoid inputs. Turbulence mimics random local atmospheric motions. 


These six test inputs are listed in Eq. (5.5). 


y2 c (0=A 

(step) (5.5) 

or 


= A sin (cot) 

(sinusoid) 

or 

/ 


1 A for nT< t <(n-Hy)T 


H i n = 0,1,2,... 

1 -A for (n+-±-)T< t <(n+l)T 

(square wave) 

w G (t) = A 

(step) 

or 


= A sin (tot) 

(sinusoid) 

or 


= see Eqs. (2.9)-(2.10) 

(turbulence) 

For the deterministic inputs, unit amplitudes (A = 1 deg/s or 1 ft/s) are used in the simulation, but it 


should be noted that results can be scaled with input amplitude. The fundamental frequency 
content of the periodic deterministic inputs is tuned to match the pitch mode natural frequency (co = 
1 rad/s or T = 2tc s). The stochastic input is generated by white noise excitation of the approximate 
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von Karman turbulence model described in Section II-A and Appendix C. This filter has unit 
standard deviation gust amplitude (c^Wq = 1 ft/s) and is driven by normally distributed random 
numbers that have unit standard deviation (a n = 1 s _1/2 ). The discrete simulation utilized in this 
sizing study can not reproduce continuous time, pure white noise to sufficient accuracy. 
Therefore, the von Karman filter amplitude was adjusted with a multiplying factor of <frddt where 
dt denotes the simulation time step (dt = 0.01 s). Appendix E in Ref. 31 provides a concise 
description and justification for this multiplying factor. At the most basic level, simulation output 
from the von Karman filter with a WQ = 1 ft/s and with a n = 1 s' 1/2 does not result in standard 
deviation values near 1 ft/s when computed from the raw data, and the extra factor corrects for the 
bias value. 

Figs. 109-114 show the detail simulation results for each of the six excitation cases. These 
figures show responses for the input, pitch rate and vertical acceleration at 400 in, elevator 
deflection and rate, and vane deflection and rate. The peak travel and rate values are indicated on 
the vane response plots. Elevator and other variable responses are included for completeness. If 
comparisons are made between peak elevator and vane responses, one should recall the control 
architecture form Section IV does not utilize stabilator input. 

In each maneuver command case (Figs. 109-111), the vehicle is able to follow the 
command and execute the maneuver quite well. Note the pitch rate and acceleration responses in 
Fig. 109 are identical to that in Figs. 75-76. As seen from Fig. Ill, the vane response frequency 
content is primarily concentrated at 1 rad/s (command signal and rigid pitch) and 8 rad/s (mode 1), 
with small amounts at higher frequency (other structural modes). As expected, the prefilter and 
pitch loop attenuate the high frequency content in the excitation signal and very little reaches the 
structural modes. Some energy at the lower frequency modes gets through and the vane, through 
the crossfeed path and suppression loop, responds to damp the motion. Note the peak vane 
motion is coincident with the command signal reversal, rather than during a transient excursion 
lagging the command change. 
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The peak vane travel for the sinusoid input (5.3 deg) is almost double that for the step input 
(3.3 deg). However, when considering peak vane rate, this behavior is reversed, the step input 
leads to nearly double rate activity when contrasted with that from the sinusoid input (9.2 vs. 5.1 
deg/s). Also, note the square wave peak vane travel and rate values are three and two times larger, 
respectively, compared against the step input values (9.3 vs. 3.3 deg and 18.7 vs. 9.2 deg/s). The 

square wave command, based on the observed vane motion, appears to be the most severe 
command of the three. 

Response characteristics due to atmospheric gust inputs (Figs. 112-114) appear both 
similar and different to the maneuver command features. Note for a step gust input (Fig. 112), the 
control system still maintains pitch rate to the commanded value (zero) in the steady state, and 
vertical acceleration steady state is a nonzero constant value. This long term behavior is similar to 
characteristics shown in Fig. 109, however, the transient motion lying between the initial and 
steady conditions is fundamentally different. The gust excitation impacts the airframe directly and 
before the vane damping loop has an opportunity to counter the input. The vehicle motion and 
vane responses show significantly more high frequency activity than in Figs. 109-111. The only 
vibratory disturbance rejection capability the control architecture of Fig. 54 offers is damping of the 
structural modes once they are excited. Note the vibrations are significantly damped after 
approximately 2 s, regardless of this "indirect" approach. Exotic disturbance rejection schemes 
making use of forward looking laser-based sensors 32 would provide alternative approaches. 

For a unit amplitude, the sinusoid gust appears to have the most benign vane response of 
the three cases. Assuming peak values for the stochastic gust are interpreted as "three sigma" 
values, the step and turbulence gust inputs lead to similar peak vane activity (0.43 vs. 0.45 deg and 
12.1 vs. 9.9 deg/s). The step and turbulence inputs appear to be the most severe, based on 
resulting vane motion. Also in Figs. 112-114, the peak vane activity tends to occur during a 
transient following the initial disturbance initiation. This behavior is fundamentally different when 
compared to the behavior with command maneuver inputs, and is due to the indirect disturbance 
rejection control scheme discussed above. The structural vibrations lead the initial control action. 
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Figure 109. Continued 
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Figure 110. Continued 










Figure 111. Response Characteristics For Maneuver Command - Square Wave 









Figure 111. Continued 
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Figure 113. Continued 
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C. Discussion of Sizing Results 

Tab. 22 summarizes the peak vane activity for all six test cases, and the surface area lower 
bound necessary to keep vane motion within design limits. These lower bounds are computed 
from Eqs. (5.3)-(5.4) with travel and rate design limit values of 5 Vma x = 20 de § ^ ^Vmax = 
100 deg/s. Recall these numbers represent the operational range the vane is to be maintained 
within, not the absolute travel and rate limits which may be substantially higher. The calculations 
in Tab. 22 are based on a nominal surface area of 177.5 ft 2 . For example, consider the lower 
bound calculation for the square wave excitation due to travel activity. 

5v=(1)(1)( lf^ )(177 ' 5ft2) (5 ' 6) 

= 83 ft 2 


Table 

22 . Vane Siz 

inq Results For Unit Excitati 

ons 

Excitation Case 

max 

(deg) 

max 

(deg/s) 

9 

iSsHI 

Man . Command 

- Step 

3.3 

9.2 

29 

16 

Man . Command 

- Sinusoid 

5.3 

5.1 

47 

9 


- Sq. Wave 

9.3 

18.7 

83 

33 

Atmos . Gust 

- Step 

0.43 

12.1 

4 

21 

Atmos . Gust 

- Sinusoid 

0.11 

0.44 

1 

1 

Atmos . Gust 

- Turbulence 

0.45 

9.9 

4 

18 


S v = 177.5 ft 2 , S v max = 20 deg , S v max = 100 


From the data in Tab. 22, and based on "unit" excitations for all test cases, the largest 
required surface area to keep the vane within the design envelope is 83 ft 2 . The associated motion 
and excitation type are vane travel and square wave maneuver command. This particular case 
dominates the lower bound estimation. Comparison of the lower bound and baseline value sizing 
results (83 vs. 177.5 ft 2 ) suggests the baseline vane model is oversized by a factor of 2.1 and 
could be reduced in size. 

The lower bound data presented in Tab. 22 is somewhat abstract since it is based on unit 
excitations, and has not been calibrated to specific aggressive maneuvers or high gusts. To 
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calibrate the loading for the maneuver cases, consider the pitch acceleration requirements given in 
Ref. 2. Pitch acceleration requirements for go around and high angle of attack recovery can both 
be satisfied by a value of 4 deg/s 2 . Using the initial slope of the pitch rate step command response 
(0.67 deg/s 2 ), the input amplitude should be scaled by a factor of 6 in order to obtain an initial 
pitch acceleration of 4 deg/s 2 . This scaling of 6 is applied uniformly to all maneuver command 
input amplitudes. Now to calibrate the gust cases. Vertical drafts associated with moderate 
weather events can reach standard deviation values of 3 to 4 ft/s, which corresponds to gust levels 
considered for the ride discomfort index calculations in Section IV-F. Therefore, gust step and 
sinusoid amplitudes are scaled by a factor of 3x3.5 and the turbulence standard deviation is scaled 
by a factor of 3.5. These calibrations lead to significant airframe loading, but not the rare high load 
case which occurs once in the airframe life cycle. 

Tab. 23 summarizes the peak vane activity under the calibrated excitations and the 
corresponding lower bounds on surface area to keep vane motions within acceptable design limits. 
The values in Tab. 23 are obtained from the data in Tab. 22 by the scaling values just prescribed. 
From Tab. 23, the lower bound on surface area is 495 ft 2 . Note the square wave command 
excitation is the critical loading case. This case leads to high vane travel and sets the lower bound 
on surface area. Also note vertical wind shear (gust step) has a significant impact on vane rate 
activity, even though it is not the most severe loading case. The results from this study indicate the 
baseline vane is most likely oversized for common maneuver and gust inputs. However, for large 
command and gust inputs, the baseline vane surface area will likely result in excursions outside the 
travel and rate design boundaries, but only for brief periods of time as indicated by Figs. 111-112. 
This conclusion is drawn under the specified actuation design limits of 20 deg and 100 deg/s, and 
the validity of the closed-loop simulation sizing strategy. With the data given in this section, 
readers can scale the inputs to additional cases and determine the vane excursions and necessary 
planform area and/or vane motion design limits. 
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Table 23 . 

Vane Sizing 

Results 

For Calibrated Excit 

ations 

Excitation Case 

max 

(deg) 

max 

(deg/s) 

» 

Syfor 5 V m ax 
(ft 2 ) ! 

- 9 

msmm 

Man . Command - 

Step 

19.8 

55.2 

176 

98 

Man . Command - 

Sinusoid 

31.8 

30.6 

282 

54 

Man. Command - 


55.8 

112.2 

495 

199 

Atmos. Gust 

Step 

LO 

127.1 

40 

226 

Atmos. Gust 

Sinusoid 

1.2 

4.6 

11 

8 

Atmos . Gust 

Turbulence 

1.6 

34.7 

14 

62 


Sy - 177.5 ft^ , Syujax — 20 deg, Sy m ax _ dcg/s, • j\ j 3 < / u\ 

Scale factor of 6 (all man. com.), 10.5 (atm. gust - step & sinusoid), and 3.5 (atm. gust - turb.) 


Due to the observed large vane travel in the square wave command case, one additional 
sizing study was considered. This study addressed the sensitivity of peak vane travel to crossfeed 
gain kef in Eq. (4. 13). Reconsider the unit square wave command results in Fig. 1 1 1 and Tab. 22. 
These results correspond to a gain value of l^f = -0.25 rad/s/rad. Fig. 1 15 shows the response 
behavior when this gain is zeroed out (kef = 0 rad/s/rad). In this case, note the peak vane travel is 
5.4 deg. When compared with the nominal crossfeed gain case, this new vane travel is 
considerably less (5.4 vs. 9.3 deg) indicating high sensitivity. The vane motion is nearly halved 
when the crossfeed path is deleted from the control architecture. However, note the initial 400 in 
pitch rate response behavior. Initial response reversal is present in the crew station motions and is 
unacceptable. Thus, a significant trade may exist when sizing the vane and tuning the crossfeed 
gain: for crew station flying qualities, ample use of crossfeed gain and vane area will eliminate 
response reversal, while for static vehicle performance, small utilization of crossfeed gain and 
surface area will lessen main wing/inlet flow impingement effects. 
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Figure 115. Continued 





Section VI 

Conclusions and Recommendations 


One major conclusion drawn from the contract activities is that control architectures based 
on aft tail only are not well suited for highly flexible, high-speed vehicles such as the HSCT. This 
conclusion was formulated in Ref. 13, and further analysis in this report supports this important 
conclusion. The studies performed in Ref. 13 were based on an early dynamic model of the Ref. 
H HSCT. Analysis here has shown the early model provides an accurate representation of 
airframe characteristics exhibited in more recently generated models containing refined data. If the 
single-loop control studies were revisited with the newer models, results would not significantly 
change. Therefore, the model correlation findings provide further support and justification for this 
claim of architectural infeasiblity. Additional control studies discussed below also provide 
additional support for this conclusion. The implication from this conclusion is that configuration 
redesign, possibly addressing control surface alternatives or additional structural stiffening, 
appears necessary to relax unrealistic and unachievable control design constraints. 

Another conclusion that can be formulated from the contract findings concerns the 
theoretical underpinnings of the original Wykes structural mode control logic utilizing feedback 
signal differencing schemes. This control logic is based on several assumptions concerning the 
vehicle dynamic characteristics, and if not satisfied, the control logic can break down leading to 
mode destabilization. These assumptions include vehicle characteristics that lie below upper limits 
on structural deflections associated with higher frequency modes and aerodynamic coupling 
phenomena between these modes, so as not to distort collocated transfer function pole-zero 
distribution patterns along the imaginary axis. The Ref. H HSCT predicted airframe characteristics 
violate these basic assumptions. The airframe is modally dense with many significant modes 
involving the main wing and aft tail surfaces. Further, the dynamic airflow that is present over 
these surfaces introduces considerable aerodynamic-structural coupling mechanisms between these 
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modes. Application of the Wykes logic to the HSCT model resulted in destabilizations due to 
violation of the fundamental assumptions. These new results also strongly support the conclusion 
drawn above concerning aft tail only control architectures. In spite of this conclusion, a simplified 
Wykes controller, based on a nondifferenced feedback signal and appropriately located along the 
fuselage, provided a feasible mode stabilization loop that is discussed below. 

The main conclusion arising out of the contractual efforts concerns the development of a 
two-loop control architecture that utilizes small forward vanes with the aft tail. This multivariable 
architecture provides a highly attractive and feasible solution to the longitudinal axis control 
challenges. Pitch augmentation and aeroelastic suppression can be significantly and harmoniously 
leveraged with a low order, adjustable and implementable architecture. Depending on the severity 
of airframe dynamic characteristics, the available actuation technology, the design model fidelity, 
and the aggressiveness of the control augmentation, the vane-tail architecture can provide high 
levels of stability and performance, robustness, and flying/ride qualities. For the Ref. H HSCT 
model, and under a conservative design posture, a candidate design is given and is predicted to 
possess high levels of stability with Level 2 flying qualities. Level 1 flying qualities appear within 
reach, possibly by trading excess stability margins for improved flying qualities (if only the flying 
quality boundaries were defined), or by possibly taking more risk in the mode suppression control 
paths. The importance of this finding is that many of the critical flight dynamics issues resulting 
from concept viability design constraints, such as aeroelastic contamination of responses due to 
minimization of structural weight for expanded range/payload and associated economic profit, can 
be realistically addressed with a "minor" configuration redesign that incorporates forward vanes. 

A final conclusion is that the baseline vane model utilized in this report is most likely 
oversized. The baseline surface area, under normal loading conditions associated with command 
maneuvering or atmospheric gusts, leads to low travel and rate activity, relative to specified design 
limits. Such behavior implies the vane is oversized and could be reduced in surface area until the 
design limits are more closely approached. The implication here is that under most flight 
conditions, available vane leverage would be maximized. However, for large excitations that occur 
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infrequently, the baseline vane model would most likely violate the design travel and rate limits. In 
these situations, available vane leverage would be suboptimal for short duration periods, and the 
mode suppression function would suffer accordingly. 

Recommendations for future activities which are most critical for development of workable 
inner loop flight control systems for large, high-speed, highly flexible vehicles are listed below. 

1 . Integration of inner and outer loop systems that are designed independently and possibly 
under different assumptions. Considerable efforts have already focused on both inner and 
outer loop systems (pitch rate vs. gamma dot/speed command), but under significantly 
different assumptions (dynamic vs. static aeroelastic) and with little coordination. 

2. Creation of a flying and ride qualities data base, applicable to flight vehicles exhibiting 
significant structural vibration motions, through moving-base piloted simulation test 
programs. Currently there are little, if any, guidelines and requirements for flight control 
design of such vehicles. 

3 . Assessment of the upper limits of stability and performance that can be achieved with 
contemporary-based multivariable flight control design strategies. Such techniques provide 
powerful tools for addressing such questions, and would offer alternative architectures to the 
conventional-based multi-loop system recommended in this report. 

4 . Investigation of inner loop flight control systems for the lateral-directional axes. Very little 
attention has been given to this important problem which may provide even more challenging 
constraints, in some sense, when compared with the longitudinal characteristics. 
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Appendix A 

Statement of Work for NAS1-19858-93 


Multivariable Techniques for HSR Flight Control Systems 


Technical Objective: 

The High-Speed Civil Transport (HSCT) is projected to have a pitch divergence due to the 
relaxation of static stability at subsonic speeds. Further, significant interaction between rigid-body 
and aeroelastic degrees of freedom is expected. Objectives of the inner most loops of the flight 
control system (FCS) for HSCT will be to artificially supply the stability inherently lacking in the 
airframe, augment the key responses with crisp, well damped behavior, and to suppress, or lessen 
aeroelastic motions in the rigid-body responses. Attainment of these multiple, conflicting closed- 
loop objectives inherently requires a dexterous FCS architecture, which can sense key motions and 
apply critical forces/moments simultaneously at multiple points distributed throughout the vehicle. 
Here, the objectives are three fold: 1) to investigate contemporary multivariable design techniques 
tor meeting the closed-loop objectives and to assess the "theoretically achievable" upper limits of 
stabmty/performance, 2) to explore the control benefits derived from an additional, small, forward 
aerodynamic control surface applicable to preliminary HSCT concepts, and 3) to establish 
requirements for levels of controllability of rigid and elastic responses that can be used to guide 
COn 5f^f tl ^fe lgn - ™ S , t , ask sh£dl be coordinated with the HSR Flight Controls Task (Task 7 
on NAS 1-20220), specifically, the subtask entitled "Ref. H Assessment", and is a follow on task 
to Contract NAS 1-19858, Task 71 and NASA-ASEE activities during 1996. 


Background & Approach: 

Previous analysis of conventional-based single-loop FCS for HSCT class vehicles indicate several 
hard conflicting constraints. Results indicate these single-loop FCS architectures do not allow 
sufficient design freedoms to overcome the constraints. The extreme level of flexibility and the 
necessary stability augmentation bandwidth, seen in current HSCT models, points to the need for 
maximum capability and effectiveness from the FCS. The first task is to explore the potential of 
contemporary-based multi-loop FCS, such as those designed with LQ and H^ theory, for meeting 
the numerous closed-loop objectives. An initial activity will focus on revisiting the single-loop 
u-,' l j CtUr ? using contemporary-based design schemes to determine the upper limits of 
stability and performance that can be "achieved" with these powerful techniques. An important 
outcome of this phase will be to define minimum levels of control power that needs to exist for the 
rigid ana elastic modes that are in the pilot and FCS bandwidth. Controller implementation and 
realizability issues will be given less emphasis in this phase. If stability and performance 
characteristics, and specific design strategies, look promising, these issues will be given more 
emphasis. The follow on activity addresses true multi-loop FCS. Conventional-based multi-loop 
rCS architectures do not typically exploit the full capabilities offered by cross channels and higher 
order filtering. The follow on thrust will utilize the contemporary-based design techniques with 
multiple feedback paths. Initially, the studies will consider only existing HSCT surfaces (elevator 
and wing trailing edge flaps). Follow on activities will consider the forward vane control input 
from objective 2. Practical considerations for FCS implementation will also be addressed. This 
task will support further assessment of the baseline configuration, as well as provide feasibility 
recommendations for FCS development. J 

The second task concerns the inner loop control power and controllability benefits afforded by a 
small, forward aerodynamic control surface. In previous preliminary multi-loop FCS studies, 
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existing HSCT wing trailing edge devices were considered as potential secondary surfaces to 
perform the aeroelastic suppression role. Results implied these surfaces are not favorably located 
throughout the vehicle for this role. Feedback loops using these surfaces were characterized by 
low damping augmentation sensitivity and simultaneous destabilization of elevator driven feedback 
loops. A forward control surface would appear to overcome these deficiencies and offer an 
attractive force/moment generator for aeroelastic suppression which works in harmony with the 
rigid pitch control loops. Inclusion of such capability in existing HSCT models is to be the initial 
activity. A linear "component build-up" modeling procedure will be used to expand the suite of 
HSCT control surfaces with a small, forward vane. Additional higher fidelity models supplied by 
the contracting agency can also be considered. Previous multi-loop FCS milestones will be 
revisited here using the forward vane. The new surface characteristics will require some 
modification and tuning of the earlier design. Analysis of merits and/or deficiencies of the new 
FCS which utilizes the forward surface, relative to the baseline architecture, will be addressed. 

Quantifying the merits and/or deficiencies of inner loop FCS strategies will be an integral part of 
the above tasks. Metrics should address, where available and appropriate, closed-loop features 
such as augmented damping increments, bandwidth requirements, controllability, robustness 
levels, modal frequency separations, and handling/ride qualities. 

HSCT flight control design activities face hard constraints and challenging hurdles. Conclusions 
and data from this study may provide valuable insight for future planning and decision making 
pertaining to HSCT configuration and FCS architecture development and definition. 

Deliverables: 

• Preliminary feasibility assessment and preliminary recommendation of selected 
inner loop FCS architectures presented in an oral briefing at the Aero 
Performance workshop. To include electronic and paper copies of vugraphs 
with written commentary in facing page text format. Boundaries and format 
shall be suitable for inclusion in a NASA CDCP. 

• Feasibility assessment and final recommendation of selected inner loop FCS 
architectures presented in an oral briefing. To include electronic and paper 
copies of vugraphs with written commentary in facing page text format. 

• Final report to include documentation of final results and findings in an HSR 
controlled distribution report suitable for submittal to HSR via the "salmon 
colored" report tracking card. Shall conform to NASA margin requirements and 
shall include all HSR-dictated data restriction notices in the margins and on the 
cover sheet as specified by the HSRPO. 

• Software used to perform analysis. Shall include documentation and preliminary 
user's guide. Software shall be well commented and legible. 


Feb, 1997 
Fall, 1997 

Sept, 1997 
Sept, 1997 
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Appendix B 

M = 0.24 / h = 500 ft Cycle 3.1a Model 


This appendix describes the NASA Langley M = 0.24, h = 500 ft model generated from the 
Ref. H Cycle 3.1a Simulation. All variables are expressed with feet, second, and radian units. 
Airframe states, inputs, and outputs are listed below. 


x = 


U wqOpj ... Tl 17 T|, ... T) 17 


u = 


5s Sjei 5te2 $te3 5je4 


y = 


<1358 <31900 <12115 <32152 


n 


Actuator model data corresponding to Eq. (2.6) is tabulated below. 


Actuator Data 

P 

CO 


5 S 

19. , 

190. 

0.7071 

5 E 

22. 

220. 

0.7071 4 

Stei 

20. 

200. 

6.7071 

^TE2 

21. 

210. 

0.7071 

Stei 

23. 

230. 

0.7071 

5 TE4 

24. 

240. 

0.7071 


Note for this model, a single actuator drives left and right symmetric control surfaces. State space 
matrices listed below are defined in Eqs. (2.1)-(2.8). 

A = 


Columns 1 through 6 


-5 . 1879e-03 
-1 . 2392e-01 
-2 . 7399e-04 
4 . 6810e-08 
-6 . 7396e+00 
-5 . 8658e+00 
-1 . 3879e+01 
4 . 4919e+00 
-4 . 7396e+00 
-8 . 2358e+00 


4 . 9041e-02 
-6 . 1512e-01 
1 . 4236e-03 
9 . 9134e-09 
-8 . 5449e+01 
-6.3168e+01 
-1 . 1664e+02 
3 . 753 6e+01 
-4 . 5350e+01 
-8 . 5827e+01 


-5 . 3 845e+01 
2 . 4483e+02 
-3 . 4273e-01 
1. 0000e+00 
-7 . 3969e+02 
3 . 7882e+02 
-2 . 8992e+03 
9 . 5729e+02 
-9 . 6149e+02 
-2 . 2147e+03 


-3 . 1473e+01 
-6 . 6932e+00 
-6 . 5882e-05 
-4 . 8531e-20 
-1 . 0235e+01 
-5 . 2713e+01 
-1.7084e+01 
5 . 6363e+00 
-1 . 0236e+01 
-7 . 2326e+00 


-7 . 3748e-08 
-6 . 3126e-05 
2 . 6650e-05 
0 

-6 . 8438e-01 
-2 . 8055e-01 
-2 . 1866e-01 
6 . 9540e-02 
-1 . 1141e-01 
-1 . 8269e-01 


-1 .4362e-06 
-2 . 2454e-03 
-1 . 4373e-05 
0 

-5 . 1329e-01 
-1 . 3981e+00 
-8 . 5742e-01 
3 . 0064e-01 
-4 . 2691e-01 
-5 . 9318e-01 
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4 . 8477e+00 

4 . 50B5e+01 

1 . 9692e+03 

6 . 7105e+00 

2 . 3328e + 01 

1 . 2099e+03 

-5 . 3292e+00 

-4 . 3055e+01 

-3 . 4407e+02 

-1 . 7517e+01 

-1 . 5014e+02 

-7.2950e+03 

2 . 8687e+00 

4 . 3925e+01 

-5 . 9408e+03 

2 . 9667e+00 

8 . 2903e-01 

6 . 8433e+03 

-5 . 7743e+00 

-6 . 9538e+01 

3 . 1890e+03 

-5,7245e+00 

-4 . 8797e+01 

-1 . 4557e+03 

-1 . 3851e+00 

-1 . 2568e+01 

-6.4716e+02 

2 * 1660e+01 

2 .0057e+02 

1 . 0905e+03 

-9 . 9121e+00 

-9 . 2634e+01 

-4 * 0068e+02 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 7 through 12 


-6 . 3 087e-07 

2 . 1947e-07 

-2 . 83 81e-07 

-1 . 0081e-03 

3 . 5191e-04 

-4 . 3876e-04 

-1 . 7738e-05 

6 . 8013e-06 

- 2 . 3548e-07 

0 

0 

0 

1 . 0912e-01 

-4 . 2706e-02 

-1 . 7168e-01 

-1 . 0997e+00 

4 . 0891e-01 

-4 . 5736e-01 

-1 . 8219e+00 

5 . 2861e-01 

-5.3115e-01 

5 . 2165e-01 

-5 . 3355e-01 

1 . 87 87e-01 

-4 . 8180e-01 

1 . 7147e-01 

-6.1136e-01 

-2 . 7055e-01 

8 . 4840e-02 

-2 . 2359e-01 

- 2 . 0969e-01 

8 . 1333e-02 

-4 . 2888e-02 

1 . 6236e-01 

-5 . 5842e-02 

-3 . 3044e-02 

-1 . 2225e-01 

3.3900g-02 

-6.5546e-03 

-3 . 9701e-01 

1 ,2300e-01 

-4 . 3495e-03 

7 . 7142e-02 

-2 . 0497e-02 

9 . 8876e-02 

2 . 4546e-01 

-9 . 2538e-02 

-9 . 7460e-02 

-1 . 23 08e-01 

2 . 3702e-02 

-1 . 3534e-01 

-2.1208e-01 

7 . 4208e-02 

-5 . 8902e-02 

-1 . 5904e-01 

6 . 9033e-02 

-3 . 2910e-02 

6 . 3971e-01 

-1 . 4907e-01 

2 . 8254e-01 

-2.9000e-01 

7 . 6515e-02 

-1 . 5023e-01 

0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 


-1 . 5460e+01 

1 . 1275e-02 

9 . 6849e-02 

-1 . 4193e+01 

-9.3301e-02 

-7 . 1722e-02 

-2 . 8692e+01 

-1 . 9237e-01 

-3 . 7728e-01 

2 . 5440e+01 

1 . 1610e-01 

-4 . 8478e-01 

7 . 8603e+01 

6 . 6305e-01 

2 . 9424e-01 

-6.8444e+01 

~6.9227e-01 

-1.7312e-02 

-6 . 1505e+01 

-5 . 5808e-01 

-3 . 0265e-01 

-1 . 8279e+00 

-7 . 5882e-02 

-1 . 8365e-01 

2 . 7059e+00 

-2 . 3527e-02 

-2 . 4543e-01 

7 . 8038e+01 

5 . 6476e-01 

2 . 8281e-01 

-3 . 5168e+01 

-2 . 7874e-01 

-2 . 3326e-01 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


-2.6272e-07 

-I . 6196e-07 

1 . 3080e-06 

-3.6579e-04 

-2 . 8437e-04 

2 . 1571e-03 

2 . 0970e-05 

-1 . 7971e-05 

7 . 1933e-05 

0 

0 

0 

- 6 . 2455e-01 

2 . 9928e-01 

-1 . 5674e+00 

-2 . 7301e-01 

-1 . 8248e-01 

- 9 . 6948e-01 

“4 . 2912e-01 

-4 - 5049e-03 

7 . 9697e-01 

1 . 4259e-01 

1 . 2079e-02 

-2 . 7099e-01 

-2 . 4670e-01 

-3 . 0613e-02 

-1.8767e-01 

-9 . 1456e-01 

4 . 4335e-02 

-8 „ 5196e-01 

9 . 2931e-02 

-6.7741e-01 

3 . 0621e-02 

-1 . 7745e-01 

-8.6549e-02 

-3 . 7242e+00 

4 . 8347e-02 

2 . 4581e-02 

3 . 3020e-01 

9 . 9109e-02 

4 . 6047e-02 

3 . 6153e-01 

3 . 6531e-01 

-4 . 3620e-01 

7 . 4711e-01 

-5 . 9113e-01 

5 . 5494e-01 

-1 . 0078e+00 

-5 . 0847e-01 

3 . 9567e-01 

-5 . 97 62e-01 

-7.4370e-02 

1 . 0238e-01 

2 . 2076e-02 

1 . 1864e-01 

-1 . 6220e-02 

-4 . 3428e-03 

1 . 1220e+00 

-5 . 7728e-01 

1 . 1058e-01 

-5 . 1765e-01 

3 . 1876e-01 

-1 . 9565e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

i . OOOOe+OO 

0 

0 
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0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 


Columns 13 through 18 


-1 . 4373e-06 

-4 . 8561e-07 

-2 . 2526e~03 

-6 . 7780e-04 

-1.7208e-05 

3 . 7888e-05 

0 

0 

1.0579e-01 

-9 . 7756e-01 

5 . 7349e-01 

2 . 3046e-01 

-1. 8392e-02 

7.6462e-01 

-1 . 7148e-02 

-3 . 1385e-01 

4 . 4762e-02 

9 . 1077e-02 

-2 . 3344e-01 

-6 . 9034e-01 

4 . 9570e-01 

5 . 2710e-01 

1.5877e+00 

-1.6502e+00 

-1 . 4832e+00 

-2 . 3853e-01 

-4 . 4625e-01 

-2 . 7138e+00 

7.8448e-02 

5 . 8058e-01 

-2 . 1326e-01 

-1 . 9958e-01 

-4 . 2231e-01 

-8 . 6087e-01 

-6 . 8786e-02 

-4 . 7467e-01 

1 . 0763e-01 

-1 .0772e-02 

1 . 3100e+00 

2 . 5447e+00 

-5.3041e-01 

-1 . 1541e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1. 0000e+00 

0 

0 

1 , 0000e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 19 through 24 

-6.2233e-07 

3 . 4617e-07 

-9.8174e-04 

4 . 3410e-04 

-1.0818e-05 

-5 . 2768e-05 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


1.1202e-06 

5 . 1881e-08 

1 . 7812e-03 

2 . 6727e-05 

2 . 6910e-05 

-2 . 8044e-05 

0 

0 

-3 . 7932e-01 

8 . 3187e-01 

-5 . 9928e-01 

4 . 3231e-01 

-2 . 0149e-01 

-2 . 8609e-01 

9 . 6629e-02 

1 . 0135e-01 

-2 . 1064e-01 

1.6865e-01 

-1 . 6654e-01 

6 . 5012e-01 

-2 . 6899e-01 

“1 . 2434e~01 

-1.7014e+00 

1 .9033e+00 

1.1583e+00 

“2 . 8168e-01 

5 . 2634e-01 

4 . 9665e-01 

-1.5224e+00 

4 . 2870e-01 

-1 . 0972e-02 

-1.6652e+00 

4 . 5571e-01 

-2 . 7499e-01 

1 . 0078e-02 

1.8859e-01 

l-0216e-01 

-1.7664e-01 

-8,4031e-01 

-6.5124e-01 

2 . 5930e-01 

3.4116e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

0 

1 . 0000e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


1 . 2341e-07 

6 . 3126e-06 

1 . 5184e-04 

9 . 7991e-03 

2 . 0346e-05 

2 . 6204e-05 


1.0000e+00 

0 

0 

1 . 0000e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


-5 . 7428e-07 

-2 . 2825e-07 

-9 . 0559e-04 

-3 . 3555e-04 

-9 . 7964e-06 

8 . 9037e-06 

0 

0 

2 . 5402e-01 

-2 . 5979e-01 

6 . 7507e-01 

4 . 2294e-02 

1 . 1816e-02 

4 . 3719e-01 

-2 . 6500e-02 

-1 . 7164e-01 

1 . 1220e-01 

1 . 3 627e-01 

2 . 9435e-02 

-5 . 8678e-02 

2.2574e-01 

1 . 6603e-01 

1.3347e+00 

-5 . 3067e-01 

-5 . 7538e-01 

-2 . 2432e-01 

-7 . 5493e-02 

-1.0332e+00 

3 . 8731e-01 

4 . 3364e-01 

-6 . 6994e-01 

4 . 8222e-01 

-2 . 0326e+00 

9 . 7381e-02 

3 . 0265e-01 

-1 . 8235e+00 

2 . 8672e-01 

-3 . 2438e-01 

1 . 7316e+00 

4 . 4286e-01 

-4 . 4146e-01 

-4 . 2049e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

1. 0000e+00 

0 

0 

0 

0 

0 

0 


-1.8776e-05 

-8 . 1353e-06 

-2 . 9041e-02 

-1 . 2651e-02 

-2 . 2952e-05 

-4 . 5754e-05 
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0 

0 

0 

-2 . 4367e-02 

6.6378e-01 

-3 . 3623e-01 

-1 . 2 819e-01 

-1.8950e+00 

6 . 9289e-01 

2.187 6e-01 

-9 . 2344e-01 

5 . 4676e-01 

-8 . 5926e-02 

4 . 0281e-01 

~2 . 2 835e-01 

1 . 2809e-01 

-2 . 0231e-01 

1 . 8071e-01 

1 . 1827e-01 

8 . 7602e-01 

-2 . 2397e-01 

1.7060e-01 

-6.7015e-01 

3 . 13 65e-01 

3 . 0178e-02 

-2 . 4262e-01 

-7 . 8699e-02 

-4 . 0276e-01 

5 . 4424e-01 

-2.8802e-01 

-9 . 6213e-01 

7 . 4938e-01 

-8 . 4909e-01 

4 . 8296e-01 

-2 . 9184e-01 

4 . 3272e-01 

9 . 4607e-02 

4 . 1664e-01 

1 . 7880e-02 

4 . 3402e-02 

2 . 0055e+00 

-5 . 9563e-01 

-4 . 5404e-01 

-3.1102e-01 

-3 . 5320e-01 

-1.9679e+00 

-1.9961e+00 

3 . 6429e-01 

-1.0697e+00 

-1 . 0417e+01 

3 . 0852e+00 

9 . 4014e-02 

2 . 8125e+00 

-2 . 4897e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

,0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

0 

0 

1.0000e+00 

0 

0 

0 

l.OQOOe+OO 

Columns 25 < 

through 30 


3 . 5528e-06 

4 . 4565e-07 

2 . 0938e-05 

5 . 5371e-03 

7 . 2405e-04 

3 . 2767e-02 

2 . 6344e-05 

1 . 8782e-05 

2 . 2617e-04 

0 

0 

0 

1.2371e+00 

-1.4651e-01 

4 . 0308e+00 

1.9800e+00 

-7 . 5244e-01 

2 . 9017e+00 

1 . 1655e+00 

-1.3165e+00 

3 . 0402e-01 

-2 . 9973e+02 

4 . 1554e-01 

-1 . 9988e-02 

8 . 4324e-01 

-3 . 8470e+02 

1.9600e+00 

2 . 0862e+00 

-3 . 2625e-03 

-4 . 3638e+02 

-6 . 8753e-01 

-1.3608e-01 

-4 . 1813e+00 

9 . 8657e-01 

6 . 3979e-01 

3 . 4005e+00 

1.6950e+00 

-1 . 0502e+00 

2 . 2890e+00 

3 . 6635e+00 

-1.6457e+00 

8 . 5775e+00 

-1.0225e+00 

2 . 2199e+00 

5 . 1338e+00 

-7 . 9622e-01 

-8 . 6954e-01 

-6.7 420e+00 

1 . 6707e+00 

-2 . 0514e+00 

-1 . 9098e+00 

1 . 0013e+00 

-9.6985e-01 

7 . 9395e-01 

5 . 2769e-02 

-2.9940e-01 

-1 . 1354e-01 

-6 . 7308e+00 

5 . 8235e+00 

-2 . 4441e+00 


0 

0 

0 

-5 . 9079e+01 

-5.7945e+00 

-3 . 1638e+00 

3 . 0722e-01 

-1 . 6398e+02 

-4 . 7276e+00 

8 . 3961e-01 

-8 . 3142e+00 

-2 . 8965e+G2 

-2 . 5554e-01 

2 . 6676e+00 

7 . 9163e-01 

5 . 3951e-0l 

-3 . 692 8e+00 

-2 . 0926e+00 

1.5995e+00 

-6.2469e+00 

-5 . 3225e+00 

-1.0720e+00 

2 . 7583e+00 

1 . 7365e+00 

6.2368e-01 

2 . 7376e + 00 

-2 . 6671e+00 

1 . 2147e-01 

-5 . 0932e+00 

-4 . 0486e+00 

2 . 4238e+00 

-9 . 1168e+00 

-7 . 5860e+00 

8 . 1981e-01 

4 . 7 095e+00 

2 . 5291e+00 

- 9 . 2762e-01 

-1 . 8157e+00 

1 . 6471e+00 

-1.6577e-01 

-7 . 4635e+00 

-4 . 179 le+00 

8 . 7466e-01 

-2 . 6103e+00 

-2 . 4186e+00 

1 . 9959e-01 

-1 . 0898e-01 

5 . 2684e-03 

-1.4254e+00 

2 . 0113e+01 

1.7158e+01 

9 . 1436e-01 

-8 . 1968e+00 

-7 . 1292e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


-2 . 4831e-05 

-4 . 8433e-06 

1 . 4961e-05 

-3 . 9064e-02 

-7 . 3852e-03 

2 . 4048e-02 

-3 . 7539e-04 

4 . 9809e-05 

4 . 9410e-04 

0 

0 

0 

-4 . 9742e-01 

-1.6343e+00 

-1.7655e+00 

1 . 3059e+00 

1 . 3159e+00 

1.1208e+01 

-1 . 0894e+00 

-5 . 0513e+00 

-4 . 480 8e+00 

2 . 6268e-01 

1.6921e+00 

1.7324e+00 

-7 . 2791e-01 

-9 . 4769e-02 

1 . 0037e-02 

-4 . 0723e+00 

2 . 0410e+00 

2 . 6485e+00 

-5 . 9013e+02 

2 . 1532e+00 

-2 . 0657e+00 

1 . 4506e+00 

-8 . 5215e+02 

-8 . 7563e+00 

-4 . 9341e-01 

-1 . 7202e+01 

-1 . 2904e+03 

-1 . 3421e+01 

1 . 9805e+01 

8 . 5058e+00 

-8 . 9164e+00 

2 . 2823e+01 

-1 . 2763e+01 

1 . 1183e+01 

-2 . 7738e+01 

-4 . 6843e+00 

5 . 1706e+00 

-1 . 8072e+01 

3 . 8518e+00 

-2 . 9843e+00 

4 . 3160e+00 

1 . 5155e+00 

-1 . 0065e+00 

-4 . 3209e-01 

6 . 4852e+00 

2 . 1775e+00 

3 . 1296e+00 

7 . 1647e+00 
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2 . 7754e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Columns 31 through 

1 . 0053e-05 
1.7990e-02 
1 . 2936e-03 
0 

-2 . 1109e+01 
3 . 4590e+00 
3 . 0357e-01 
1 . 7002e-01 
-6 . 5231e+00 
-1.5906e+01 
-3 . 2415e+00 
-3 . 0987e-01 
2 . 6411e+00 
-1 . 8356e+03 . 

1.2819e+01 
-3 . 1048e+01 
-1.6831e+01 
1 . 4491e+01 
2.4677e+01 
5 . 0990e+01 
-1.2113e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


1 . 0374e+00 
0 
0 
0 

0 0 
0 0 

0 0 

0 0 

0 0 

o 0 

o 0 

0 0 

o 0 

o 0 

0 0 

0 0 

0 0 

o 0 


-1.0450e-05 
-1 . 8687e-02 
-1 . 3377e-03 
0 

2 . 4597e+01 
1 . 3352e+01 
7 . 4257e+00 
-2 . 4588e+ 00 
4 . 9987e+00 
1 . 0567e+01 
-4 . 5717e+00 
1 . 7304e+01 
-1.9130e+00 
-8 . 2383e+00 
-3 . 7372e+01 
-2 . 8933e+03 
5 ♦ 0481e+01 
-1.1792e+01 
7 . 7255e+00 
-5 . 0024e+00 
3 . 5809e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 0 

0 0 

0 0 


-2 . 4819e+00 
0 
0 
0 


36 

3 . 4737e-05 
5 . 5245e-02 
8 * 3783e-04 
0 

-1.7692e+01 
”2 . 6655e+01 
6 . 2478e+00 
-2 . 1993e+00 
8 . 7452e-02 
1 . 2416e+00 
-3 . 8412e+00 
-1.2457e+01 
-2.1918e+01 
1.0625e+01 
-2 . 1780e+03 
-3 . 6627e+01 
-2 . 2147e+01 
-1 . 0155e+01 
-2 . 1411e+01 
-2 . 9849e+01 
1.1379e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-1 . 7460e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-4 . 1429e-05 
-6 . 3485e-02 
2 . 6172e-04 
0 

-1 . 6085e+01 
-8 . 6544e+00 
-1.9942e+01 
6 . 8562e+00 
-8 . 5499e+00 
-1 . 4326e+01 
4 . 9567e+00 
1 . 5922e+01 
-6 . 2946e+00 
5 . 4991e-01 
2 . 1807e+00 
2 . lllle+01 
-3 . 1729e+03 
-2 . 5633e+01 
-1 .7219e+00 
2 . 2946e+01 
- 2 . 2419e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


r?1.3987e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


-4 . 1829e-05 
-6 . 6347e-02 
-9 . 1677e-04 
0 

9 . 3605e+00 
2 . 1365e+01 
8 . 4084e-01 
-5 . 4503e-01 
-1.3296e+00 
-9 . 5147e+00 
3 . 6318e+00 
2 . 3425e-01 
9 . 0983e+00 
-3 . 9618e+00 
-3 . 9410e+01 
2 . 1316e+00 
-2 . 0520e+01 
-3.6609e+03 
3 . 0380e+01 
5 * 9219e+01 
5 . 4460e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-2 . 3483e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


6 . 3287e-05 
9 . 7463e-02 
-1.4639e-04 
0 

3 . 0711e+01 
5 . 1434e + 01 
3 . 3997e+01 
-1 .1594e+01 
1.2452e+01 
1 . 5181e+01 
-9 . 3773e+00 
-3 . 7169e+00 
2 . 9843e+01 
4 . 4665e+01 
-6.0637e+01 
3.8332e-h01 
2 . 5958e+01 
3 . 1693e+01 
-3 . 8407e+03 
5 . 8322e+01 
5 . 6212e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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0 0 0 0 0 0 
Columns 37 through 38 


4 . 9593e-04 
7.6381e-01 
-1.1080e-03 
0 

1 . 9746e+02 
1 . 8850e+02 
1 . 8798e+02 
-6.1931e+01 
8 . 6059e+01 
1.5688e+02 
-7/6061e+01 
-3 . 9491e+01 
1 . 2619e+02 
1.8605e+02 
-1.7807e+02 
1.3375e+02 
1.6295e+02 
8 . 5070e+01 
9 . 8171e+01 
-4 . 2446e+03 
1 . 0811e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-2.1121e-04 
-3 . 2650e-01 
-1.5639e-04 
0 

-5 . 5852e+01 
-4 . 7409e+01 
-6 . 2643e + 01 
2 . 0359e+01 
-2 . 8752e+01 
-5 . 5913e+01 
2 . 6180e+01 
1.8756e+01 
-3 . 9806e+01 
-6 . 6887e+01 
3 . 3279e+01 
-3.5607e+01 
-6.7148e+01 
-2 * 0568e+00 
-1.0096e+01 
8 . 4813e+01 
-4 . 2957e+03 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


Columns 1 through 6 

-1 . 9600e+00 -5 . 0495e-04 

-1.3535e+01 -8.2854e-01 

-3 . 3579e-01 -2.5562e-02 

0 0 
4 . 4705e+03 5.2837e+02 

2 . 5315e+03 3.0471e+02 

-2 . 4360e+03 -2 . 5558e+02 

8 . 1634e+02 8.7435e+01 

1 .2406e+02 5.4341e+01 

1 . 0449e+03 2 . 5451e+02 


-7 . 8324e-06 -2 .953 6e- 01 

-1 . 2690e-02 -3 .7106e+00 

-3 . 1165e-04 -9.4133e-02 

0 0 
6 . 1109e+00 1.9355e+03 

3 . 0518e+00 1.0722e+03 

-4 . 6982e+00 -1.2399e+03 

1 . 5886e+00 4.2188e+02 

2. 8078e-01 1.5141e+02 

2 . 8546e+00 9 . 5604e+02 


-2. 5306e-05 -1 . 6565e-06 

-4 . 4322e-02 -2 .6370e-03 

-2 . 7500e-03 -4.1340e-05 

0 0 
6 . 8057e+01 6.4379e-01 

4 . 3611e+01 2 . 7 056e-01 

-2 . 3262e+01 -7 . 9651e-01 

8 . 2042e+00 2 .6542e-01 

1. 1766e+01 -5 . 5854e-02 

4 . 4650e+01 1.6184e-01 


254 


2 . 7164e+02 
-7 . 1125e+02 
3 . 5936e+03 
-9 . 1474e+03 
-9 . 7247e+03 
l*2221e+04 
7 . 3518e+03 
-2 „ 3288e+03 
1.5774e+01 
6 . 5438e+02 
-1.9403e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


5.4613e+00 
1 . 0132e+03 
-1.2843e+02 
-1.3308e+02 
-2 . 9611e+02 
3 . 8528e+02 
2 . 3436e+02 
-5 . 9647e+00 
7 . 433 6e-01 
-6.1861e+01 
7 . 4863e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


Columns 7 through 12 


-3 . 3045e-01 
-1.8258e+00 
6 . 2939e-03 
0 

-1.1381e+03 
-6. 1383e+02 
2 . 7591e+02 
-1 . 0205e+02 
-2 . 6064e+02 
-9.3960e+02 
2 . 0092e+02 
1 . 7735e+02 
-1.1254e+03 
5 . 4898e+02 
1.0478e+03 
-7 . 0732e+02 
-9 . 0269e+02 
3 . 6450e+02 
-8.1175e+01 
5 . 2257e+02 
-1.2341e+01 
0 
0 
0 
0 
0 
0 


-2 . 1122e-04 
-3 . 3 818e-01 
-6 . 2834e-03 
0 

8 . 37 09e+01 
7 . 3O88e+01 
3 . 7442e+01 
-1.2727e+01 
1 . 6315e+01 
1 . 475 0e+01 
-7 . 4769e+00 
-2.9537e+01 
5 . 7544e+01 
-9 . 3421e+01 
-2 . 0087e+02 
2 . 4998e+02 
1.6451e+02 
2 . 9189e+00 
2 . 8527e+00 
-8 . 4692e+01 
6 . 0699e+01 
0 
0 
0 
0 
0 
0 


3 . 0574e-01 
1.6947e+01 
-4 . 1048e+00 
-4 . 1109e-01 
-6 . 0003e-01 
2 . 2878e+00 
6 . 7669e-01 
-1 . 2881e-01 
-1 . 0007e-01 
1.4564e+00 
-1. 8994e-02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


4 . 6241e-07 
1.2319e-03 
2 . 7178e-04 
0 

-7 . 1030e+00 
-3 . 8210e+00 
1 . 5135e+00 
-5 . 3505e-01 
-I . 0047e+00 
-3 , 3104e + 00 
5.1681e-01 
1.4086e+00 
-5 . 5033e+00 
8 . 3794e+Q0 
1.1204e+01 
-1.2896e+01 
-8.9380e+00 
2 . 1340e+00 
-2 . 03 62e-01 
2 . 3321e+00 
-9 . 932 8e-01 
0 
0 
0 
0 
0 
0 


7 . 9646e+01 
5 . 2141e+03 
-1 . 1847e+03 
-1 . 8652e+01 
-4 .6784e+02 
1 . 1680e+03 
6.9596e+02 
-1 . 8097e+02 
-1. 0824e+01 
9 . 5144e+01 
5 . 8451e+Ql 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


,«3.0776e+00 
2 . 0445e+02 
-5 . 4647e+01 
6 . 1789e+01 
2 . 6825e+01 
-3 . 9497e+01 
-2.2951e+01 
2 . 8590e+01 
2 . 1251e-01 
-2.8282e+01 
2 . 5654e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


3 . 2740e-01 
-4 . 5521e+00 
-9 . 3818e-03 
0 

-8 . 7831e+02 
-8 . 7016e+02 
-7 . 0646e+01 
1 . 5430e+01 
-2 . 3035e+02 
- 6 . 0658e+02 
2 . 7950e+02 
9 . 2040e+01 
-8 . 6413e+02 
-7 . 2148e+02 
5 . 8577e+02 
-2 . 9172e+01 
-7 . 8791e+02 
-2 . 5614e+01 
-7.8149e+01 
6 . 2179e+02 
-1 .3396e+02 
0 
0 
0 
0 
0 
0 


-5 . 4235e-05 
-8 . 8517e-02 
-2 . 4971e-03 
0 

3 . 5841e+01 
2. 9055e+01 
6 . 5056e+01 
-2 . 0799e+01 
2 . 4524e+01 
4 . 1141e+01 
-1 . 0906e+01 
7 . 7941e-01 
2 . 1448e+01 
-1. 8799e+00 
-7 . 3425e+01 
9 . 3721e+01 
6 . 7823e+01 
8. 0060e+00 
5 . 4767e+00 
-1.1204e+02 
5 . 7502e+01 
0 
0 
0 
0 
0 
0 


1 . 1542e-01 
1 . 5125e+00 
-2 . 5401e-01 
-7 . 8783e-01 
-4 . 1958e-01 
6 . 0219e-01 
9 . 5187e-02 
-7 . 9845e-02 
-3 . 8587e-02 
5 . 5272e-01 
-1 . 1951e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-3 . 6846e-06 
-5 . 5456e-03 
7 . 6073e-05 
0 

-3 . 3535e+00 
-2 . 4282e+00 
-6 . 7952e-01 
2 . 1434e-01 
-8.5779e-01 
-2 . 0477e+00 
6 . 4606e-01 
1 . 0121e-01 
-2 . 2545e+00 
7 . 0477e-01 
4 . 0616e+00 
-4 . 4055e+00 
-4 . 1635e+00 
3 . 7073e-01 
-1.9827e-01 
2 . 9267e+00 
-1.1924e+00 
0 
0 
0 
0 
0 
0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 13 through 18 


4 . 0114e-01 

7 . 0529e-05 

-5.8141e-06 

-4 . 9704e+00 

1 . 0704e-01 

-8 . 9880e-03 

-2 . 7965e-02 

-9.9045e-04 

-4 . 5255e-06 

0 

0 

0 

-8.6999e+02 

3 . 4153e+01 

-1.9764e+00 

-1 . 9843e+03 

1 . 6042e+00 

-2.3662e+00 

-1 . 3473e+03 

5 . 4681e+01 

-2 . 4975e+00 

4 . 5805e+02 

-1 . 6886e+01 

8 . 2281e-01 

-4 . 7600e+02 

2 . 8272e+01 

-1.0720e+00 

-5 . 5719e+02 

6.3650e+01 

-1 . 8450e+00 

4 . 4378e+02 

-1 . 0297e+01 

8 . 2949e-01 

1. 0054e+02 

-8 . 6728e+00 

3 . 3454e-01 

-1.0674e+03 

1 . 6241e+01 

-1.5093e+00 

-2 . 5240e+03 

2 . 0561e+01 

-2 . 7561e+00 

1 . 2657e+03 

6 . 3923e-01 

1.7182e+00 

-1 . 1850e+02 

4 . 4584e+00 

-7 . 6481e-01 

-3.3541e+02 

7 . 1525e+01 

-1.7809e+00 

-1.0309e+03 

-1.2427e+01 

-1.0396e+00 

-1 . 5052e+03 

-6 . 6324e+01 

-8.1951e-01 

-1 . 4880e+03 

-3 . 0764e+02 

2 . 9175e+00 

-1 . 3919e+02 

9 . 2456e+01 

-1 . 6705e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

t 

Columns 1 through 6 



0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


2 . 1703e-01 

1 . 0254e-04 

-4 . 4178e-06 

-2.8204e+00 

1 . 5775e-01 

-6.8575e-03 

-1.8070e-02 

-3 . 1760e-04 

-1.8142e-05 

0 

0 

0 

-6 . 8972e+02 

2 . 9125e+01 

-1.1236e+00 

-3 . 3861e+03 

-2 . 6299e+01 

-1.8372e+00 

-3 . 8783e+03 

-1.4554e+01 

-2 . 5075e+00 

1.3850e+03 

7 . 8618e+00 

8 . 4041e-01 

-1.4815e+03 

-3 . 2851e+00 

-9 . 9111e-01 

-1 . 1886e+03 

3 . 0032e+01 

-1 . 4725e+00 

-3 . 7338e+02 

-3 . 1890e+01 

4 . 5339e-01 

3 , 6318e+00 

-1.0496e+01 

2 . 4075e-01 

-1.3215e+01 

4 . 0488e+01 

-7.7701e-01 

-3 . 4919e+02 

9 . 0556e+01 

-2 . 2310e+00 

1.4625e+02 

-2 . 5683e+01 

5 . 2947e-01 

4 . 1072e+01 

-7 . 3361e+00 

2 . 2889e-01 

1.6919e+01 

5 . 6581e+01 

-9 . 1756e-01 

-5 . 0242e+02 

1.6515e+01 

~8 . 0512e-01 

-9 . 1490e+02 

-2 . 5673e+01 

-3.6917e-01 

-1.6393e+03 

-2.4383e+02 

2 . 7511e+00 

1 . 7737e+02 

8 . 6344e+01 

-1.3646e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0 

0 

-6 . 8590e+05 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


1 . OOOOe+OO 
0 

-4.1205e+04 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

l.OOOOe+OO 
-2 . 8770e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

-1 . 0648e+06 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

1 . OOOOe+OO 
0 

-5 . 5245e+04 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


1 . OOOOe+OO 
-3 . 3312e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


Columns 7 through 12 


0 

0 

0 

0 

0 

0 

0 

0 

-8 . 0000e+05 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

1. OOOOe+OO 
0 

-4 . 5657e+04 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

1 , OOOOe+OO 
-3 . 0284e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-9 . 2610e+05 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

1. OOOOe+OO 
0 

-5 . 0337e+04 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1. OOOOe+OO 
-3 . 1798e+02 
0 
0 
0 
0 
0 
0 


Columns 13 through 18 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 . 2167e+06 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . OOOOe+OO 
0 

-6 . 03 81e+04 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1. OOOOe+OO 
-3 . 4827e + 02 
0 


0 0 0 

0 0 0 

0 0 0 

0 0 o 

o 0 o 

o 0 0 

o 0 0 

0 0 0 

o 0 o 

o 0 o 

o 0 o 

o 0 0 

o 0 0 

o 0 o 

0 0 0 

0 1 . OOOOe+OO 0 
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o o o o 


0 

0 

0 0 

0 

1 . 0000e+00 

0 

0 

0 -1.3824e+06 

-6.5746e+04 

-3 . 6341e+02 


— 






0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

685900 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2129600 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1600000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1852200 

0 

- 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2433400 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2764800 


Columns 1 through 6 





0 

0 

1 . 0000e+00 

0 

1 .9940e-04 

-1.6837e-04 

0 

0 

1 . 0000e+00 

0 

-1 . 1167e-05 

3 . 9885e-05 

0 

0 

1 . 0000e+00 

0 

-3 . 8027e-05 

6 . 1231e~05 

0 

0 

1 . 0000e+00 

0 

-3 . 3775e-05 

6 . 0645e-05 

0 

0 

1 . OOOOe+OO 

0 

-4 . 1293e-05 

6 . 2995e-05 

4 . 1720e-02 

3 . 1053e-01 

-4 . 3998e+01 

1.0222e-02 

-2 . 6491e-03 

1 . 3019e-03 

1.4003e-01 

8 . 9444e-01 

1 . 7973e+01 

-1 . 7806e-01 

2 . 4496e-03 

5 . 4952e-05 

1 . 1468e-01 

5 . 8851e-01 

2 . 6451e+01 

-2 . 3320e-01 

6 - 3667e-04 

8 . 3794e-04 

1 . 0788e-01 

5 . 1164e-01 

2 . 7938e+01 

-2 . 4849e-01 

2 . 1842e-04 

9 . 543 8e-04 

9.9633e-02 

4 . 1771e-01 

2 . 9468e+01 

-2 . 6127e-01 

-2 . 8529e-04 

1 . 1260e-03 

Columns 7 through 12 





1 . 6588e-04 

-5 . 4117e-05 

-4 . 6642e-05 

-2 . 8092e-04 

2 . 5860e-04 

1 . 9031e-04 

-5 . 8335e-05 

1 . 8402e-05 

1 . 5809e-05 

8 . 6460e-05 

-5 . 4346e-05 

6 . 1394e-06 

-6 . 0117e-05 

1 . 9030e-05 

8 . 9343e-06 

3 . 4980e-05 

2 . 603 9e-05 

4 . 9845e-05 

-6.4397e-05 

1 . 9924e-05 

1 . 0797e-05 

4 . 5999e-05 

1 . 4329e-05 

4 . 5521e-05 

-6.0888e-05 

1 . 9i7ie-05 

8.0922e-a6 

2 . 9043e-05 

3 . 5668e-05 

5 . 5654e-05 

-2 . 0308e-03 

6 . 5161e-04 

2 . 4937e-04 

2 . 1329e-03 

-1 . 9877e-03 

-1 . 1709e-03 

-2 . 2803e-03 

8 . 6985e-04 

5 . 8743e-04 

4 . 8837e-03 

-3 . 9439e-03 

-4 , 6871e-04 

-3 . 2684e-03 

1 . 1553e-03 

1 . 5707e-04 

3 . 0564e-03 

-1 . 7768e-03 

-7 . 5063e-05 

-3 . 4768e-03 

1 . 2119e-03 

4 . 0224e-05 

2 . 5534e-03 

-1 . 2328e-03 

-4 . 0639e-05 

-3 . 6763e-03 

1 . 2614e-03 

-1 . 0029e-04 

1 . 8936e-03 

-5 . 2104e-04 

4 . 8660e-05 

Columns 13 

through 18 





5 . 6041e-04 

-4 . 2983e-05 

5 . 0418e-04 

4.2963e-04 

-9 . 9955e-05 

6 . 1936e-04 

1 . 0603e-04 

-3 . 0990e-05 

1 . 3081e-04 

4 . 1265e-05 

-1 . 1476e-05 

-5 . 9456e-05 
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1 . 6499e-04 
1 . 7174e-04 
1 . 6388e-04 
-4 . 8267e-03 
2 . 1986e-03 
3 . 5753e- 03 
3 . 7285e-03 
3 . 8431e-03 


-3 . 3396e-05 
-3 . 9399e-05 
-4.2011e-05 
-5 . 1457e-04 
2 . 8161e-03 
-2 . 0876e-04 
-9 . 9576e-04 
-1 . 9299e-03 


Columns 19 through 24 


1.7871e-04 
-2 . 4860e-05 
-1 , 1269e-05 
-1.3560e-05 
-1 . 4100e-07 
-1 . 2753e-03 
-5 . 8451e-04 
-1 . 1430e-03 
-1 . 2016e-03 
-1 . 1609e-03 


-2 . 4977e-04 
3 . 8578e-05 
6 . 1281e-06 
1 . 6158e-05 
1.6653e-07 
3 . 4300e-03 
-6 . 3503e-03 
-1 . 1783e-03 
2 . 0701e-04 
1 . 9086e-03 


Columns 25 through 30 


0 

0 

0 

0 

0 

4 . 5641e-01 
-3 . 4552e-02 
6 . 2410e-02 
8 . 1252e-02 
1 . 0477e-01 


0 

0 

0 

0 

0 

4 , 4787e-01 
5.2653e-02 
1 . 2124e-01 
1.3248e-01 
1 . 4486e-01 


Columns 31 through 36 


0 

0 

0 

0 

0 

8 . 1632e-01 
-6 . 0565e-01 
-1.6571e+00 
-1. 8894e+00 
-2 . 2045e+00 


0 

0 

0 

0 

0 

-9 . 5682e+00 
4 . 7198e+00 
5 . 9338e+00 
6 . 0112e+00 
5 . 8455e+00 


Columns 37 through 38 


0 

0 

0 

0 

0 

6 . 1415e+00 
7 . 4498e-01 
2 . 4883e+00 


0 

0 

0 

0 

0 

1 . 0731e+01 
7 . 5462e+00 
3 . 5405e+00 


-1.4266e-04 
-1 . 3048e-04 
-1 . 5924e-04 
-2 . 5673e-03 
2 . 2149e-03 
3 . 0614e-05 
“5 . 1477e-04 
-1 . 2965e-03 


2 . 0182e-05 
1 . 6610e-05 
1 . 557 8e-05 
1 . 2727e-04 
8 . 8810e-04 
2 . 1956e-04 
1 . 8253e-05 
-2 . 8112e-04 


-2 . 3558e-05 
7 . 6347e-06 
-4 . 5524e-05 
-2 . 8675e-03 
3 . 3573e-03 
2 . 8654e-03 
2 . 6942e-03 
2 . 3360e-03 


-4.0211e-04 
2 . 5607e-05 
-1 . 0314e-04 
-1.0718e-04 
-1.1658e-04 
2 . 1742e-03 
4 . 5114e-03 
4 . 5487e-04 
-6 . 8132e-04 
-2 . 0915e-03 


0 

0 

0 

0 

0 

2 . 9212e+00 
5 . 7777e-01 
9 . 7292e-01 
1.0339e+00 
1. 0949e+00 


0 

0 

0 

0 

0 

-8 . 3856e+00 
9 . 8296e+00 
4. 9768e+00 
3 . 8323e+00 
2 . 1582e+00 


0 

0 

0 

0 

0 

-6.8476e-01 
1.8872e-01 
1 . 5852e-01 
1.5276e-01 
1.4463e-01 


0 

0 

0 

0 

0 

-3 . 1186e+00 
-1 .2034e+00 
-1 . 2439e+00 
-1 .2199e+00 
-1 . 1587e+00 


0 

0 

0 

0 

0 

2 . 0152e+00 
-2 . 2983e+00 
-1 . 7926e+00 
-1 . 6385e+00 
-1 .4495e+00 


0 

0 

0 

0 

0 

9 . 6879e-01 
-3 . 4652e-01 
-2 . 1774e-01 
-1.9283e-01 
-1 . 5949e-01 


0 

0 

0 

0 

0 

-2 . 7537e+00 
-1 . 4249e+00 
-8.8327e-01 
-7 . 6383e-01 
-5 . 9339e~01 


0 

0 

0 

0 

0 

-1.2911e+01 
7 . 9594e+00 
4 . 0280e-02 
-1 . 8695e+00 
-4 . 0729e+00 


-1 .4972e-04 
-1 . 6541e-04 
-1.3664e-04 
-4 . 0172e-03 
1 . 8119e-03 
-1 . 8578e-03 
-2 . 7110e-03 
-3 . 5979e-03 


0 

0 

0 

0 

0 

-1 ,3706e+00 
1 . 0303e-01 
-1 . 8924e-01 
-2 . 4748e-01 
-3.1990e-01 


0 

0 

0 

0 

0 

-9 . 3880e+00 
-4 . 3584e+00 
-1 . 0545e+00 
-3 . 6765e-01 
4 . 8290e-01 


0 

0 

0 

0 

0 

-3 . 9200e+00 
8 . 1947e-01 
-6 . 3717e-01 
-8 . 1443e-01 
-8 . 9027e-01 
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2 . 8190e+00 
3 . 0854e+00 


2 . 1479e+00 
2 . 2282e-01 


C ■ 


Columns 1 through 6 



0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

- 

-1 . 1154e+01 

-1.1152e-01 

-1.6383e-03 

-3.2728e-02 

-2 . 0443e-03 

-2 . 7292e-04 

5 

-5 . 3233e-01 

-2.3101e-01 

-5.2585e-05 

-1.3392e-02 

-6 . 8538e-02 

1 . 2170e-03 

- 

3 . 1653e+Q0 

1 . 7564e-02 

4.2759e-05 

4 . 5331e-01 

-1 . 7756e-02 

8 . 3477e-04 


4 . 1118e+00 

8 . 6003e-02 

1.2533e-04 

5 . 9109e-01 

-4 . 7627e-03 

7 . 4682e-04 


5.3000e+00 

1.5797e-01 

1 . 3 182e-04 

7 . 4081e-01 

8 . 0151e-03 

6 . 1700e-04 


Columns 7 through 12 





= 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

- 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

A 

0 

0 

0 

0 

0 

0 

4 

-1 . 5100e+00 

3 . 0869e-02 

1 . 0140e-03 

5 . 7530e-01 

4 . 5438e-02 

-5 . 0114e-04 


8 . 3 614e-01 

-9.9258e-02 

1.5011e-02 

1.8640e+00 

-1 . 8093e-01 

1 . 1083e-02 


4 . 2586e+00 

3 . 3966e-01 

1.3923e-02 

4 . 0809e+00 

8 . 9521e-02 

9 . 0245e-03 


4 . 9639e+00 

4 . 4524e-01 

1 . 3269e-02 

4 . 5329e+00 

1.5657e-01 

8 . 3050e-03 


5 . 8523e+00 

5 . 7529e-01 

1 . 2450e-02 

5 . 1276e+00 

2.4004e-01 

7 . 4114e-03 

~ 

Columns 13 

through 18 






0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

- 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


-9.6688e-01 

5 . 9713e-02 

-1.5943e-03 

3 . 5006e-01 

6.7356e-02 

-1 . 3184e-03 


1.3990e+00 

-2 . 4834e-01 

1 . 0691e-02 

4.9105e-01 

-2 . 0509e-01 

7 . 1067e-03 


6.0328e-01 

-1.1992e-01 

6 . 6073e-03 

-3.5816e-01 

-7 . 7 047e-02 

4 . 1190e-03 


3 . 9188e-01 

-8 . 2218e-02 

5 . 4741e-03 

-5.4671e-01 

-4 . 0823e-02 

3 . 2965e-03 


2 . 4956e-01 

-3 . 4050e-02 

4 . 1418e-03 

-7 . 5688e-01 

1.2773e-03 

2 . 3268e-03 
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Appendix C 

M = 0.24 / h = 0 ft Cycle 1/ISAC Model 


This appendix describes the NASA Langley M — 0.24, h = 0 ft model generated from the 
Ref. H Cycle 1/ISAC Simulation. All variables are expressed with feet, second, and radian units 
except structural axes coordinates and mode shape/slope deflections which utilize inch. Airframe 


states, inputs, and outputs are listed below. 


x = 


u = 


u w q 0 t|j ... r| 17 rj j ... ti 17 Zj ... z 


8 S 5 e 5 v Sjej 8-J-J2 5-J-E3 5-J-E4 


10 


d = w G 



Measured pitch rates and vertical accelerations are calculated from 
17 

^xs = Q — .2^ ^Cx^ j 

17 

a z xs = w - X B q - Uq - . Z j 

<l>i(Xs) = C^Xj 


^(Xs) = 


d <f>i(x s ) 
dx s 


where C^. is the ilh row of C^ and 

x =rx 10 v 9 v n T 
X S L^s x s ” 


C 4> represents a polynomial curve fit to the mode shapes (tfc) which allows pitch rates and vertical 
accelerations to be computed at any point along the fuselage centerline. The state space C, D, D', 
D , and matrices can be easily constructed from the above description. In the above 
expressions, the sensor is mounted at the body axes location x B , and U denotes the forward body 
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axes trimmed flight speed component. Actuator model data corresponding to Eq. (2.6), and gust 
turbulence model data corresponding to Eq. (2.9), is tabulated below. 


Actuator Data 

P 

CO 

C 

5 S 

19. 

190. 

0.7071 

% 

22. 

220. 

0.7071 

6y 

22. 

220. 

0.7071 

Stei 

20. 1 

200. 

0.7071 

^TE2 

21. 

210. 

0.7071 

Stes 

23. 

230. 

0.7071 

h m 

24. 

240. 

0.7071 


Gust Turbulence Data 

a w G 

UR 

Vy 

k 

z l 

z 2 

Pi 

P2 

P3 

W G 

1. 

2500. 

267.9 

0.4079 

0.04094 

0.8257 

0.05145 

0.1302 

1.194 


Note for this model, a single actuator drives both left and right symmetric control surfaces. State 
space matrices defined in Eqs. (2. 1 )-(2. 10) and are listed below. 

A = 


Columns 1 through 6 


5 . 9489e-04 
-1.4249e-01 
-1.5018e-04 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


2 . 1308e-02 
-1. 0812e+00 
-1.8238e-02 
0 

-5.8016e4.01 
-7.8996e4-01 
-1.4208e+02 
-4 . 7866e4-01 
2 . 6580e+01 
-2 . 8096e+01 
-4 . 1414e+01 
2 . 3729e+00 
-3 . 5075e+ 01 
2 * 5373e+02 
-1.1031e+02 
2 . 5193e4-02 
9 . 8379e+00 
9 . 8179e+00 
1.3641e+01 
-9 . 5650e+01 
1 . 9257e+01 
0 
0 
0 
0 
0 
0 
0 


-4 . 1438e+01 
2 . 5063e+02 
-8 . 3 968e-02 
1.0000e+00 
-2.1366e+02 
-3 . 3229e+03 
-2 . 3133e4-02 
-1.8416e+02 
2 . 0421e+03 
-7 . 0839e4-03 
-3 . 5274e+03 
-2 . 1190e+03 
2 . 6666e+03 
6 . 8524e+03 
-5 . 6936e+03 
6 . 6340e+03 
4 . 5101e+03 
-3 . 2552e+03 
5 . 1642e+02 
-3.9555e+03 
2 . 6607e+03 
0 
0 
0 
0 
0 
0 
0 


-3 . 1782e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

4 . 4062e-04 
-7.1923e-07 
0 

-3.1696e-01 
4 . 5412e-01 
1 . 3484e-02 
1.0231e-02 
-1 . 1230e-01 
3 . 3803e-01 
1 . 2018e-01 
-1 . 0035e-01 
-7 . 5154e-03 
-5 . 1365e-02 
-2 . 6779e-01 
1 . 0339e-01 
2 . 6557e-01 
-2 . 7956e-02 
-1 . 1640e-02 
3 . 4232e-01 
-2 . 0758e-01 
1 . 0000e+00 
0 
0 
0 
0 
0 
0 


0 

-2.3471e-03 

-1.2275e-05 

0 

7 . 9 866e-01 
-1 . 2659e+00 
-1.0384e+00 
-3 . 5376e-01 
3 . 9269e-01 
-3 . 2240e-01 
6 . 9592e-02 
1 . 8198e-01 
-6 . 7766e-01 
3 . 3286e-01 
5 . 6236e-01 
-3 . 7091e-01 
-5 . 6127e-01 
-1 . 2971e-01 
2 . 6579e-01 
-3 . 0837e-01 
1 . 6640e-01 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 . 0274e-01 
8 . 6196e-01 
-6 . 1473e+01 
2 . 8760e+02 
-1. 8644e+02 
-3 . 5938e+02 
-1.2347e+02 
-7 . 9291e+02 
-2 . 6492e+02 
-2 . 6749e+03 


Columns 7 through 12 


0 

-1 . 0441e-03 
-8 . 7379e-06 
0 

-8 . 6001e-02 
-1.2424e+00 
-1 . 7683e+00 
-5.0591e-01 
5 . 5670e-01 
-5 . 6630e-01 
4 . 5862e-02 
-2.9916e-01 
2 . 9587e-02 
4 . 9384e-01 
1 . 1313e-01 
2 . 2069e-01 
-1 . 2922e-01 
-2 . 8710e-01 
1 . 5704e-01 
-8 . 1519e-01 
4 . 5076e-01 
0 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

-4 . 7593e-04 
-4 . 4627e-06 
0 

-1.1747e-02 
-4 . 7972e-01 
-5 . 4 009e-01 
-5 * 3792e-01 
2 . 0653e-01 
-1 . 9822e-01 
2 . 2505e-02 
-1* 0243e-01 
-6.2427e-03 
1.7775e-01 
5 . 4052e-02 
7 . 3 669e-02 
-5 . 3835e-02 
-1 . 0301e-01 
7 . 1691e-02 
-2 . 4968e-01 
1 . 4709e-01 
0 
0 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-8 . 4015e+00 
3 . 2999e+02 
-7.0734e+02 
3 . 7594e+03 
4 . 0003e+03 
-6 . 7843e+03 
-2 . 3769e+03 
-2 . 6798e+04 
-7 . 1313e+04 
9 . 3293e+02 


0 

5 . 1136e-04 
2 . 5422e-06 
0 

-1 . 3371e-01 
4 . 6727e-01 
5 . 6387e-01 
1 .9920e-01 
-6.1257e-01 
2 . 0739e-01 
-5 . 4231e-02 
-5 . 2085e-02 
1 . 5925e-02 
-5.8308e-02 
-4 . 4141e-02 
1 . 852 8e- 02 
1 . 0181e~01 
6. 8673e-02 
-3 . 66 05e-02 
2 . 91Q2e-01 
-1 . 3978e-01 
0 
0 
0 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

1 .9860e-04 
2 . 7352e-06 
0 

1 . 9847e-01 
-2.5850e-02 
-1.7793e-01 
-6 . 2051e-02 
8 . 0879e-02 
-5.1239e-01 
1.0083e-01 
3 . 8312e-01 
1.1216e-01 
-2 . 7323e-01 
-6 . 5123e-02 
-1 . 5453e-01 
-1.0495e-01 
6 . 1879e-02 
-1.4852e-01 
-4 . 9902e-01 
1 . 4064e-01 
0 
0 
0 
0 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.0870e-02 
“1 . 6020e-01 
-1.0947e-01 
4 . 9659e-01 
2 . 2756e-01 
5 . 4455e-01 
5 . 1268e-01 
3 . 6005e+00 
3 . 9221e+00 
4 . 8022e+00 


0 

3 . 1024e-04 
-9 . 2798e-07 
0 

-2 . 0533e-01 
3 . 7041e-01 
1.6647e-01 
6 . 1967e-02 
-1 . 3786e-01 
1 . 6298e-01 
-6 . 2477e-01 
-4 . 0457e-03 
1.6338e-01 
2 . 0244e-01 
-1 . 8631e-01 
1 . 3154e-01 
1.2720e-01 
-9 . 5318e-02 
-3 . 5587e-02 
-1.3954e-01 
7 . 0221e-02 
0 
0 
0 
0 
0 
0 

1.0000e+00 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 9733e-02 
-3 . 7630e-01 
3 . 0905e-01 
-3 . 6739e-01 
-1 . 2203e+00 
-1 . 2685e-01 
7 . 2126e-01 
-1 -1180e+00 
4 . 8925e+00 
2 . 2209e-01 


0 

1 . 7113e-02 
3.8823e>04 
0 

-1 .2101e+00 
1 . 9978e+00 
1.1044e+00 
3 . 8293e-01 
-2 . 1587e-01 
2 . 4959e-01 
-6 . 4407e-02 
-3 . 8735e+00 
1.0872e+00 
-1.3912e+00 
-3 . 2109e-02 
-1 . 3 0 84e+00 
1.3976e+00 
-1 . 1410e+00 
“9 . 5331e~02 
6 „ 7767e-02 
3 . 3 394e-01 
0 
0 
0 
0 
0 
0 
0 

1 . 0000e+00 
0 
0 
0 
0 
0 
0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

-6 . 4576e-02 

-2 . 3055e-02 

-4 . 6117e-03 

5 . 2193e-01 

1 . 6784e-01 

4 . 6369e-02 

3 . 1263e-01 

1 . 3671e-01 

6 . 1207e-02 

-1 . 0992e+00 

-3 . 9282e-01 

-3 . 8935e-01 

6 . 7413e-01 

1 . 5754e-01 

1 . 5947e-01 

6 . 6493e-01 

2 . 1482e-01 

2 . 2968e-01 

-1 . 8519e-01 

-3 . 0157e-02 

-4 . 1860e-03 

1 . 1693e+00 

3 . 3250e-01 

2 . 6711e-01 

-2 . 8950e+00 

-8 . 6880e-01 

-1 . 6836e-01 

-1 . 7876e-01 

-2 . 2370e-01 

-4 . 6449e-03 

Columns 13 through 18 


0 

0 

0 

1 . 1027e-02 

-2 . 5255e-05 

-1 . 8455e-03 

2 . 4990e~04 

1 . 343 5e-05 

-4 . 1450e-05 

0 

0 

0 

-3 . 6008e-01 

-3 . 6091e-01 

5 . 4676e-01 

1 . 7375e+00 

-7 . 8333e-01 

-1 . 1729e+00 

1 . 4137e+00 

-1 . 5363e+00 

-7.0810e-01 

5 . 0333e-01 

-5 . 6495e-01 

-2 . 7067e-01 

-2 . 7864e-01 

4 . 5395e-01 

3 . 4951e-01 

-7 . 7151e-02 

2 . 6398e-02 

-3 * 6480e-01 

-3 . 6986e-01 

3 . 1838e-01 

2 - 2034e-01 

-1. 6003e+00 

-1 . 8150e+00 

1.8118e+00 

-1. 8244e-01 

-6.6307e-02 

6 . 8710e-01 

-8 . 2364e-01 

-1 . 9287e+00 

-1 . 7325e-02 

-4 . 2677e-02 

-8 . 3157e-02 

-1 . 4315e+00 

-1 . 0984e+00 

-1 . 7216e-01 

3 . 8865e-01 

6 . 5880e-01 

3 . 3540e-01 

9 . 7539e-02 

-6 . 1120e-01 

3 * 3119e-02 

1.4459e-01 

-2 . 1812e-01 

7 . 3373e-02 

-6 . 1991e-02 

-5 . 2127e-01 

9 , 5078e-01 

3 . 9049e-01 

5 . 0908e-01 

-4 . 0322e-01 

-1 . 3048e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1. 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 . 3539e-02 

-4 . 2040e-02 

-3.8771e-02 

3 . 0797e-02 

-1 . 3013e-01 

2 . 1032e-02 

-1. O921e+O0 

5 . 9243e-01 

3 . 7703e-01 

4 . 9573e+00 

1 . 2436e+00 

-1 . 3153e-02 


0 

0 

0 

0 

0 

0 

0 

0 

0 

4 . 6993e-02 

3 . 3040e-02 

-5 . 1215e-02 

-1 . 6794e-01 

2 . 1601e-01 

1 . 0131e + 00 

-6.2795e-01 

-1.0173e+00 

-1 . 0026e+00 

1 . 9763e+00 

2 . 6149e+00 

6 . 6115e+00 

-1 . 1183e+00 

- 2 . 9486e-01 

9 . 9624e+00 

-1 . 5844e+00 

-1.46 1 6e+00 

1 . 0493e+00 

5 . 5422e-02 

-5 . 2063e-01 

-2 . 1455e+00 

-4 . 3147e+00 

-1 . 7979e+00 

7 . 7710e+00 

1 . 6101e+00 

-9 . 6289e-01 

-2 . 0033e+00 

-6 . 6874e-01 

-1 . 0274e+00 

8 . 9590e+01 


0 

0 

0 

-4 . 0819e-05 

1 . 3165e-03 

-4 . 4495e-04 

-5 . 6930e-06 

6.5372e-06 

-8 . 2031e-06 

0 

0 

0 

-7 . 1170e-01 

-6 . 8539e-01 

2 . 0149e-01 

2 . 1551e-01 

1.1214e+00 

1 . 3059e-01 

-3 . 6274e-01 

6 . 3973e-01 

6 . 4425e-01 

-1.2692e-01 

2 . 3196e-01 

2 . 4071e-01 

-5 . 4146e-02 

-3 . 1855e-01 

-2 . 1185e-01 

3 . 1348e-01 

3 . 1993e-01 

5 . 8684e-02 

1 . 94Ble-03 

-1.1567e-01 

-1.6427e-01 

-2 . 0429e+00 

-1 . 3320e+00 

5 . 4609e-01 

-3 . 73 81e-01 

-1 . 2738e-01 

-2 . 5683e-01 

-2 . 6702e-01 

-4 . 4797e-01 

8 . 0945e-01 

5 . 0515e-01 

8 . 8786e-02 

3 . 63 94e-01 

-1 . 7471e+00 

-5 . 2257e-01 

4 . 1052e-01 

-3 . 7913e-01 

-1 . 4876e+00 

5 . 7409e-02 

6 . 5507e-02 

3 . 6151e-01 

-1.6276e+00 

1 . 8913e-01 

-3 . 7677e-01 

3 . 3479e-01 

2 . 1628e-01 

-9 . 3815e-01 

-2 . 2041e-02 

-1 . 0723e-01 

1 . 2635e-01 

2 . 1247e-01 

0 

0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . OOOOe+OQ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-5 . 0614e-02 

-1.0846e-02 

-1 . 2448e-02 

6.1924e-01 

5 . 9149e-01 

3 . 1094e-02 

- 2 . 4342e-01 

-6 . 8003e-01 

5 . 2032e-01 

4.3299e-01 

1.2582e+00 

-2 . 8783e+00 
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6 . 9899e+00 

-2 . 5719e+00 

-4 . 6741e-01 

2 . 6866e-01 

-1 . 4613e+00 

-1 . 7574e-01 

-1 . 9129e+00 

8 . 1748e-01 

7 . 3412e-02 

6 . 5650e+00 

-1 . 7105e+00 

-1 . 7710e+00 

-2 . 8062e+00 

4 . 7038e-01 

-1 . 1856e-01 

5 . 5113e+01 

4 . 2794e+00 

-7 . 1330e+00 

Columns 19 through 24 


0 

0 

0 

1 . 6807e-03 

1 . 1113e-02 

-3 . 1438e-03 

1 . 6594e-05 

1 . 5379e-04 

-3 . 8848e-05 

0 

0 

0 

-1 . 7635e-01 

-9 . 3520e-01 

2 . 2755e-01 

2 . 6618e-01 

4 . 2018e+00 

-1 . 4793e+00 

-1.9271e-02 

3 . 8112e+00 

-1 . 4936e+00 

- 2 . 1648e-02 

1 . 3618e+00 

-5 . 4393e-01 

6 . 0821e-02 

-1 . 2279e+00 

5 . 5189e-01 

-3 . 1355e-02 

7 . 6798e-01 

-4 . 0551e-01 

2 . 1078e-01 

-9 . 2006e-02 

1 . 1018e-01 

4 . 7959e-02 

4 . 9430e-02 

-1 . 7825e-01 

5 . 7806e-01 

1 . 0317e+00 

-1 . 1023e-01 

-1 . 1473e+00 

-1 . 9839e+00 

6 . 7291e-02 

-5 . 863 6e- 01 

-1 . 1038e+00 

9. 3810e-02 

1 . 33 84e-02 

-2 . 5068e-01 

-8 . 8919e-02 

1 . 7264e-01 

6 . 3917e-02 

-2 . 5121e-02 

4 . 5334e-01 

9 . 2548e-01 

4 . 5209e-02 

- 2 . 0152e+00 

-2 . 3122e+00 

4 . 5187e-01 

-8 . 0078e-01 

-6 . 1749e+00 

1 . 5019e+00 

-2.7941e-03 

1 . 0419e+00 

-1 . 7889e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

1 . 0000e+00 

1.9768e-02 

1 . 2190e-01 

-7 . 5640e-02 

1 . 7947e-01 

1. 0697e+00 

-1 . 8981e-01 

-5 . 4807e-01 

-2 . 7616e+00 

1 . 1847e+00 

1 . 2436e+00 

1 . 0950e+00 

2 . 9058e-01 

1 . 3966e+00 

8 . 0582e+00 

-2 . 8129e+00 

-2 . 8869e-03 

2 . 5204e+00 

-1 . 6530e+00 

-1 . 5214e-01 

-2 . 8884e+00 

1 . 3550e+00 

8 . 1616e-01 

4 . 8504e+00 

-3 . 5551e+00 

-1 . 0261e+00 

-8 . 9203e-01 

-1 . 2996e+00 

3 . 8606e+00 

2 . 2522e+01 

-2 . 7545e+00 


-5 . 4233e-01 
-1 . 1025e-01 
-3.7964e-02 
-7 . 4774e-01 
-9 . 3840e-01 
-2 . 1585e+00 


. 3 , 0328e-01 
-5.6022e-01 
3 . 5500e-02 
-1 . 7037e+00 
-1 . 9088e+00 
2.6753e+00 


0 

-9 . 8583e-03 
-2 . 7333e-05 
0 

-5 . 7663e+01 
1 . 0686e+00 
-1.6858e+00 
-5 . 1485e-01 
2 . 4891e-01 
-1 . 6557e-01 
-1.2525e-01 
1 . 1737e+00 
-1 . 2318e+00 
2 . 2538e+00 
-I . 3009e+00 
1 . 7902e-01 
1 . 9066e-01 
-1 . 4366e+00 
3 . 3039e-01 
-1 . 4475e+00 
4 . 6019e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

-2 . 1697e-02 
2 . 0741e~05 
0 

6 . 0515e+00 
-1 . 6057e+02 
-7.3223e+00 
-2 . 3028e+00 
2 . 0718e+00 
-2.6304e+00 
-8 . 9143e-01 
-1 . 7185e+00 
-5.7637e+00 
6 . 6065e+00 
3 . 5619e+00 
-2 . 7795e+00 
-6 . 3177e+00 
-2 . 3622e+00 
5 . 4742e-02 
-1 . 6717e+01 
5 . 9492e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


7 . 0160e-02 
1 . 1310e+00 
-4 . 1469e-01 
-2 . 9915e-02 
2 . 13 88e-01 
-5 . 3698e+00 


0 

-7 . 2984e-03 
1 . 3973e-05 
0 

1 .5702e+00 
-5 . 6484e+00 
-2 . 8754e+02 
-1 . 2878e-01 
2 . 3343e+00 
-7 . 6076e+00 
-3 . 2016e+00 
1 .7030e+00 
-1 . 1473e+00 
7 . 3587e+00 
2 . 4416e+0 0 
2 . 5919e+00 
-3 . 1861e+00 
-2 . 1640e+00 
-3 . 3008e-01 
-1 . 6499e+01 
7 . 9800e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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Columns 25 through 30 


0 

0 

0 

-4 . 5415e-03 

-5 . 6425e-04 

3 . 2555e-02 

-3.7280e-06 

-7 . 5575e-06 

-1 . 1668e-05 

0 

0 

0 

9 . 5665e-01 

1 . 5604e-01 

-7 . 4829e+00 

- 2 . 4443e+00 

2 . 7555e-01 

6 . 7243e+00 

-6 . 5141e-01 

1 . 4042e+00 

1.6351e+00 

-2 . 9956e+02 

4 . 4248e-01 

4 . 4689e-01 

9 „ 9928e-01 

-3 . 8455e+02 

-3 . 7723e+00 

-2 . 9863e+00 

-4 . 6855e-01 

-4 . 3131e+02 

-1 . 2286e+00 

-3 . 3792e-01 

6 . 6414e+00 

5 . 8449e-01 

3 . 9719e-01 

-7 . 3932e-01 

-9.4043e-01 

1.0876e+00 

2 . 1581e+00 

3 . 3296e+00 

-2 . 0996e+00 

-8 . 5307e+00 

1 . 2663e+00 

-1.2645e+00 

-1 . 7658e+00 

9 . 0559e-01 

4 . 3231e~02 

-7 . 6107e-01 

-1 . 6155e+00 

1 . 3903e+00 

3 . 3910e+00 

-9 . 5925e-01 

1.1870e+00 

1 . 1698e+00 

-2 . 6856e-02 

-3 . 4338e-01 

5 . 9504e-02 

-6 . 8499e+00 

5 . 5654e+00 

8 . 1192e+00 

3 . 2161e+00 

-2 . 1883e+00 

-5 * 1673e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 31 

through 36 


0 

0 

0 

-3.1875e-02 

-3 . 6567e-02 

-6 . 6828e-02 

1 . 5189e-03 

6 . 3703e-05 

-1.3805e-03 

0 

0 

0 

7 . 7362e+G0 

2 . 4735e+01 

- 2 . 7215e+01 


0 

0 

0 

3 . 0789e-02 

3 . 9029e-01 

3 . 7374e-01 

-8 . 5704e-05 

8 . 8574e-*03 

7 . 2902e-03 

0 

0 

0 

-9 . 4967e+00 

-4 . 7185e-01 

-1.0342e+01 

2 . 4783e+00 

2 . 2537e+01 

4 . 4647e+01 

1 . 03 84e+00 

3 . 7315e+01 

3 . 4977e+01 

1.6898e-01 

1.2815e+01 

1 . 1682e+01 

-2 . 3022e+00 

-1.3097e+00 

-6 . 18 09e+00 

8 . 3274e+00 

-9 . 1553e+00 

5 . 5451e+00 

-5 . 8897e+02 

8 . 9B63e-01 

3 . 4088e+00 

2 . 9922e+00 

-8 . 6387e+02 

8 . 7362e+00 

3 . 8763e+00 

4 . 5278e+01 

-1 . 2480e+03 

-6.3553e+00 

-1.1272e+01 

-3 . 6495e+01 

-5 . 8571e+00 

-1.3051e+01 

-2.2624e+01 

4 . 9453e+00 

-2 . 2524e+01 

-2 . 1782e+01 

6 . 0917e+00 

2.8116e+01 

3 . 9084e+01 

1.3044e+00 

- 2 . 0257e+01 

-1.4751e+01 

-9.5815e-01 

-1.4023e+00 

-9 . 8585e+00 

7 . 3819e+00 

3 . 1039e+00 

1.3587e+01 

-5 . 6031e+00 

4 . 6586e+00 

3 . 4001e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

9 . 2362e-02 

-3.1594e-02 

-1 . 6300e-02 

6 . 3659e-04 

-1 . 2327e-03 

2 . 9772e-04 

0 

0 

0 

2 . 9006e+01 

-1.1741e+01 

5 . 3668e+00 
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-2 . 7651e+01 

-4 . 9883e+01 

-3 . 4244e+01 

-1 . 6657e+01 

-1 . 0835e+01 

-5. 5617 e+ 00 

9 . 0650e+00 

8 . 0273e+00 

-1.2179e+01 

-1 . 3277e+01 

-1 .2521e+01 

-2 . 6238e+00 

-2 . 1451e+00 

9 . 9792e+00 

-1 . 8318e+01 

-3 . 6428e+01 

-1 . 8017e+03 

1 . 6330e+01 

7 . 8092e+00 

-2 . 1736e+03 

2 . 1621e+01 

-2 . 1948e+01 

-4 . 6850e+00 

~3 . 7178e+01 

-3 . 1966e+01 

-7 . 6145e+00 

2 . 8442e+01 

2 . 3226e+01 

-1 . 4457e+01 

3 . 5692e+00 

1 . 9026e+01 

9 . 9922e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 37 through 42 

0 

0 

3 . 9364e-01 

-3 . 2039e-02 

7 . 7456e-03 

-5 . 2218e-04 

0 

0 

-1 . 5662e+01 

1 .3065e+01 

2 . 7516e+01 

-2 . 8625e+01 

7 . 4635e+01 

-2 . 9052e+01 

2 . 4256e+01 

-9 . 8351e+00 

-1 . 9197e+01 

1 . 1331e+01 

2 . 8290e+01 

-1 . 8112e+01 

-5 . 7057e+00 

-2 . 3519e+00 

-1 . 8600e+00 

8 . 7326e-01 


-1 . 8031e+00 

2 . 4037e+01 

-6 . 0830e+00 

1 . 7180e+01 

-2 . 1498e+00 

5 . 1010e+00 

1 . 4272e+00 

-8 . 0833e+00 

-3 . 3437e+00 

1 . 5371e+01 

-1 . 6755e+00 

5 . 3257e+00 

- 2 . 7434e+01 

-1 . 7125e+01 

-4 . 9750e+00 

2 . 7128e+01 

3 . 1354e+01 

-2 . 2954e+01 

-3 . 7047e+01 

-3 . 6437e+01 

-2 . 8821e+03 

5. 0164e+01 

4 . 5219e+01 

-3 . 1283e+03 

-1.5157e+01 

-1 . 8920e+01 

-6 . 8297e+00 

-3 . 1316e+00 

-2 . 0387e+01 

3 . 9854e+01 

8 . 2542e+00 

-6 . 2682e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

2 . 0562e-02 

4. 8222e-03 

1 . 8273e-05 

9 . 4965e-06 

0 

0 

■2 . 7659e+00 

-6 . 93 69e-01 

2 . 9115e+00 

4.6823e-01 

3 . 5738e+00 

7 . 3409e-01 

1 . 1582e+00 

2 . 3382e-01 

1 . 5378e+00 

-2 . 9736e~01 

3 . 5149e+00 

7 . 0550e~01 

1 . 9291e+00 

4 . 1944e-01 

6 . 5375e-01 

1 . 6810e-01 


2 . 1802e+01 
2 . 6705e+01 
9 . 0448e+00 
-5 . 0607e+00 
-4 . 0101e+00 
-2.2054e+00 
4 . 8701e+00 
6 . 5856e+00 
-3.1184e+01 
-2.563 8e+01 
-1 . 2799e+01 
-2 . 7664e+01 
-3 . 6423e+03 
-3 . 2169e+01 
-2 . 2003e+01 
-2 . 0442e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

1 . 6083e-02 
5 . 1030e-05 
0 

-2 . 2084e+00 
3 . 6769e+00 
3 . 4500e+00 
1 . 1415e+00 
-1 .4871e-f00 
3 . 1679e+00 
1 . 5066e+00 
3 . 6752e-01 


-3.5604e+01 
-2 . 063 8e+01 
-7.4052e+00 
5 . 8103e+00 
-1 . 6518e+00 
-3 . 4974e+00 
-1 . 1240e+00 
-8 . 5588e-f00 
4 . 1817e+01 
3 . 3204e+01 
-1 . 1323e+01 
6 . 2624e+00 
-3 . 6278e+01 
-3 . 8427e+03 
8 . 2876e+01 
-4 . 7337e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

8 . 3086e-03 
-1 . 0831e-06 
0 

-I . 0263e+00 
3 . 4577e+00 
1.7810e+00 
6 . 13 67e-01 
-1 . 1140e+00 
2 . 7649e+00 
8 . 8431e-01 
3 . 1831e-02 
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4 . 6847e+01 

-5 . 4246e+00 

1.9946e+00 

4 . 4964e-01 

2 . 3934e+00 

1 . 9587e+00 

-3 . 5809e+01 

1.8888e+01 

-4 . 7307e+00 

-1.0461e+00 

-4 . 1723e+00 

-2 . 5150e+00 

-3 . 6681e+00 

2 . 6815e+01 

-1.4154e+00 

-2 . 5825e-01 

-1.7044e+00 

-1 . 1763e+00 

-4.6852e+01 

9 . 2122e+00 

-7 . 6622e-01 

-1.7965e-01 

-6.1444e-01 

-5 . 6377e-01 

7 . 3617e+01 

-6 . 7247e+00 

2 . 6348e+00 

5 . 2032e-01 

2 . 9923e+00 

1 . 8493e+00 

-2 . 7241e+01 

-2 . 5980e+01 

1 . 3361e+00 

2 . 8428e-01 

8 . 1134e-01 

5 . 2798e- 01 

7 . 2341e+01 

-2 . 2616e+00 

-4. 3622e-01 

-7 . 4722e-02 

-4 . 8939e-01 

-2 . 4212e-01 

-3 . 8177e+03 

-7 . 8307e+01 

5 . 2022e+00 

1 . 0501e+00 

5 . 1680e+00 

3 . 7717e+00 

-7 . 8770e+01 

-4 . 2200e+03 

-2 . 7467e+00 

~5 . 6801e-01 

-2 . 3795e+00 

-1 . 7435e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-6.7336e-01 

0 

0 

0 

0 

0 

0 

-1.3467e+00 

0 

0 

0 

0 

0 

0 

-4.4891e+00 

0 

0 

0 

0 

0 

0 

-7 . 8559e+00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 43 through 48 





0 

0 

0 

0 

0 

0 

1.1200e-03 

2.7831e-03 

5 . 0904e-04 

1 . 3465e-03 

1 . 0151e-03 

-8 . 2236e-03 

1.8267e-04 

-2 . 6077e-04 

8 . 1015e-05 

1 . 4817e-05 

6 . 3773e-05 

-1.8647e-04 

0 

0 

0 

0 

0 

0 

6 . 1435e-01 

-1.8146e+00 

-1 . 6549e+00 

-3.9037e-01 

-7 . 9864e-01 

-1.2346e-01 

-1. 6888e+00 

6 . 9104e+00 

-1 . 5351e+00 

-1 . 0870e+00 

-1 . 4987e+00 

-6 , 0223e-01 

-3.7467e-01 

9 . 7934e-02 

-2 . 6455e-01 

9.1193e-01 

5 . 3330e-01 

-9 .5197e-01 

-1.2510e-01 

8 . 5173e-02 

-9 . 2806e-02 

2 . 8242e-01 

1 . 4408e-01 

~3 . 2673e-01 

8 . 3281e-01 

-2 . 0644e+00 

5 . 5602e-01 

7 . 5977e-02 

5 . 2132e-01 

5 . 4102e-02' 

-2 . 4821e+00 

6 . 6097e+00 

-1.7202e+00 

-6.5545e-01 

-2 . 0624e+00 

1.7392e-01 

-9 , 2786e-01 

2 . 0037e+00 

-1 . 2708e+00 

-9 . 0678e-02 

-8 . 9967e-01 

4 . 2727e-03 

-4 . 5097e-01 

4 . 47 84e-01 

3 . 9444e-04 

2 . 9611e-01 

-5 . 6234e-01 

6 . 9888e-02 

-4 , 2818e-01 

3 . 0087e+00 

-4.6460e-01 

-3 . 4844e“01 

1 . 0591e+00 

-7 . 2473e-01 

1 . 4487e+00 

-1 . 2655e+00 

3 . 3452e+00 

-6,7198e-01 

6 . 4075e-01 

9 . 4682e-01 

3 . 7387e-01 

-3 . 5960e+00 

-3 . 0577e+00 

3,3900e-01 

-1 . 0266e-01 

-2 . 6610e-01 

-7 . 3B97e-01 

2 . 53 14e+00 

3 . 1765e+00 

-6 . 3651e-02 

2 . 8685e-01 

1.2162e+00 

-7 . 0397e-01 

3 . 8158e+00 

6.2640e-01 

-2.1016e-01 

3 . 9537e-01 

-3 . 8339e-01 

-9 . 2785e-01 

7 . 3645e-01 

1 . 4110e-01 

4 . 1424e-01 

-7 . 8393e-01 

4 . 1845e-01 

1 . 6878e-01 

-2 . 8363e-01 

4 . 573 0e-01 

-3 . 4596e-02 

8 . 2093e-04 

5 . 3745e-02 
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-2 . 8909e+00 
1 . 5586e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-8 . 9782e+00 
0 
0 
0 
0 
0 


6 . 0539e+00 
-3 . 2025e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1. 0100e+01 
0 
0 
0 
0 


-4 . 8953e-01 
3 . 8394e-02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1.1223e+01 

0 

0 

0 


2 . 9469e-01 
-1 . 4643e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 . 3467e+01 
0 
0 


-1.4472e+00 
9 . 6796e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 . 9079e+01 
0 


-9 . 9552e-02 
-1 .6995e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-2 . 9179e+01 


A = 

Columns 1 through 6 


-4 . 1790e-01 
-1 . 3286e+01 
-3.0693e-01 
0 

-4 . 7762e+03 
2 . 3340e+03 
-2 . 4924e+03 
-8 . 3934e+02 
-1 . 9137e+02 
1 . 2119e+03 
-2 . 5900e+02 
8 . 9196e+02 
3 . 6815e+03 
9 . 4767e+03 
-1.0263e+04 
1 . 2935e+04 
7 . 6461e+03 
-2 . 2164e+03 
-1 . 8539e+01 
-2.9351e+02 
“1 . 8225e+01 
0 
0 


0 

-3 . 6235e-01 
-1 . 1966e-02 
0 

-5 . 0626e+02 
3 . 3359e+02 
-2 . 3 854e+02 
-8 . 0728e+0l 
-4 . 8321e+01 
2 . 3 652e+02 
-1.22350+01 
-1 . 0457e+03 
-1 . 1053e+02 
1 . 1436e+02 
-2 . 6955e+02 
3 . 0306e+02 
2 . 2724e+02 
-3 . 3292e+01 
7 . 3433e-01 
2 . 2380e+01 
-4 . 9810e+01 
0 
0 


0 

-4 . 8357e-03 
-1 . 8788e-04 
0 

-7 . 5876e+00 
3. 9252e+00 
-3 . 6136e+00 
-1 . 2421e+00 
-5 . 1339e-01 
2 . 9854e+00 
-3 . 4601e-01 
-1 . 7381e+01 
-2 . 5297e+00 
6 . 1831e-02 
-1 . 8775e+00 
2 . 8879e+00 
2 . 1756e+00 
-3 . 5436e-01 
-7 . 6920e-03 
-4 . 6192e-01 
-3 . 4997e-01 
0 
0 


-4 . 2796e-01 
-2 . 1582e+00 
-7 . 0595e-02 
0 

-4 . 0604e+03 
2 . 5850e+03 
-2 . 0286e+03 
-6 . 8974e+02 
-3 . 4643e+02 
1 . 8715e+03 
-1 . 9086e+02 
-1.0736e+04 
-1 . 8711e+03 
-3 . 1457e+02 
-1 . 0017e+03 
1 . 8563e+03 
1 .7076e+03 
-5 . 9616e+02 
1 . 5631e-01 
-9 . 1487e+01 
-7 . 2 696e+01 
0 
0 


0 

2 . 1105e-02 
-1 . 2823e-03 
0 

-1 . 3 613e+02 
8 . 5826e+01 
-5 . 5991e+01 
-1 . 9360e+01 
-1 . 3904e+01 
6 . 6480e+01 
-5 . 8778e+00 
-4 . 3033e+02 
-9 . 2314e+01 
-9 . 7201e+01 
5 . 3107e+01 
-8 . 6922e+01 
-4 . 0999e+01 
3 . 4254e+01 
1 . 4049e+00 
9 . 4009e+00 
-2 . 6935e+01 
0 
0 


0 

-1 . 2991e-03 
-2 . 2137e-05 
0 

-1.2154e+00 
8 . 9500e-01 
-9 . 3193e-01 
-3 . 0839e-01 
-9 . 3009e-02 
6 . 7954e-01 
3 . 7657e-02 
-2 . 9172e+00 
-6 . 7493e-01 
4 . 5704e-01 
-5 . 2362e-01 
4 . 0814e-01 
4 . 5612e-02 
2 . 1683e-01 
1 . 5519e-02 
-1 . 93 53e-01 
-1 . 7156e-01 
0 
0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-6.0022e+00 

0 

0 

-4 . 9040e+00 

0 

0 

3 . 1817e+01 

0 

0 

2 . 8501e+01 

0 

0 

4 . 3841e+01 

0 

0 

2 . 7036e+01 

0 

0 

-4 . 8896e+01 

0 

0 

3 . 4873e+01 

0 

0 

-1 . 0344e+02 

0 

0 

-1 . 4355e+02 

0 

0 

-1 . 9748e+01 

0 

0 

-1.2306e+02 

0 

0 

2 . 9647e+01 

0 

0 

2 . 6433e+01 

0 

0 

-1 . 3342e+02 

0 

0 

-2 . 3 578e+02 

0 

0 

2 . 1818e+02 

0 

0 

-1.6747e+02 

0 

0 

2 . 4946e+02 

0 

0 

-1.8617e+02 

0 

Columns 7 through 12 





0 

0 

0 

2 . 8499e-01 

0 

0 

-2 . 4285e+00 

0 

0 

-7 . 2392e+00 

-8 . 2180e-02 

-8 . 6334e-03 

9 . 6527e-02 

0 

0 

1 . 9046e-02 

1 . 1132e-02 

- 2 . 0913e-04 

0 

0 

0 

0 

0 

0 

-3.7183e+03 

0 

0 

2 . 2386e+03 

2 . 3225e+02 

-1 . 2552e+00 

-1.9350e+03 

0 

0 

-1.1406e+03 

1.2703e+02 

-6.7353e+00 

1.4492e+03 

0 

0 

7 . 7170e+02 

7 . 7 8 93e+01 

2 . 8020e+00 

4 . 6036e+02 

0 

0 

2 . 7788e+02 

3 . 1669e+01 

8 . 0396e-01 

3 . 5372e+02 

0 

0 

4 . 9169e+02 

-1.5562e+01 

1 ,4263e+00 

-1.9682e+03 

0 

0 

-1.8882e+03 

1.9397e+01 

-5 . 6312e+00 

-1.5374e+03 

0 

0 

-3 . 9015e+02 

6 . 5101e+01 

-2 . 48 82e+00 

-8 . 2493e+02 

0 

0 

-3 . 5020e+02 

6.6446e+01 

-2 . 7240e+00 

1.8122e+03 

0 

0 

-2.2351e+03 

-1.2986e+02 

-1.4544e+00 

5 . 4043e+01 

0 

0 

-1.2966e+03 

-1.5998e+02 

-4 . 1089e+00 

9 . 1599e+02 

0 

0 

2 . 0641e+03 

9 . 7938e+01 

3 . 7692e+00 

4 . 1833e+02 

0 

0 

-1.3780e+03 

-1 . 5029e+02 

-1 . 9263e+00 

-l*0465e+02 

0 

0 

-1.6814e+03 

-6 . 5638e+01 

-2 . 9720e+00 

5 . 1265e+02 

0 

0 

7 . 7960e+02 

5 . 2839e+01 

2 . 5710e+00 

-1.8079e+02 

0 

0 

1 . 5133e+02 

2 . 5919e-01 

3 . 8916e-01 

2 . 1740e+02 

0 

0 

-8 . 8359e+02 

6 . 9505e+01 

-1.5553e+00 

3 . 72510+02 

0 

0 

-7 . 7078e+01 

-6 . 6315e+01 

-2 . 3912e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


270 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Columns 13 through 18 


5 . 2052e-01 
-8.5714e+00 
-2 . 5598e-02 
0 

1.5597e+03 
-1.5629e+03 
7 . 9804e+01 
4 . 1765e+ 01 
3 . 7391e+02 
-1 . 0589e+03 
-5 . 1334e+02 
-1.7167e+02 
-1.5751e+03 
1.3166e+03 
9 . 6929e+02 
1 . 0218e+02 
-1.3376e+03 
-1 . 1666e+01 
1.3600e+02 
-8 . 8664e+02 
1 . 0540e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

-4 . 3036e-01 
-3 . 1459e-03 
0 

1 . 3899e+02 
-1 . 4 659e+01 
4 . 2448e+01 
1 . 4827e+01 
-2 . 4418e+01 
7 . 3080e+01 
4 . 8132e+01 
2 . 5337e+01 
-1 . 5271e+02 
-5 . 7471e+01 
8 . 6333e+01 
-4 . 6918e+01 
-9 . 7264e+01 
5 . 6951e+01 
-9 . 3455e-01 
1 . 0220e+02 
-7 . 4108e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

-2 . 0833e-03 
4 . 5311e-05 
0 

-1.0965e+00 
-2 . 9598e+00 
4 . 2586e-01 
7 . 6001e-02 
1 . 1579e+00 
-3 . 7597e+00 
-2 . 2376e+00 
-1 . 1577e+00 
2 . 3832e+00 
2 . 4052e+00 
-4 . 7846e~01 
3 . 3187e-01 
-2 . 5673e-01 
-9 . 2 59 0e-01 
2 . 4027e-01 
-3 . 1564e+00 
1.3755e+00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


1. 9609e+00 
-1 . 1227e+01 
-6 . 4816e-02 
0 

1.6811e+03 
“3 . 9684e+03 
-2 . 6962e+03 
“9 . 1718e+02 
9 . 4301e+02 
-1 . 0825e+03 
-9 . 0076e+02 
-2 . 0218e+02 
-2 . 1007e+03 
4 . 6252e+03 
2 . 4563e+03 
-1 . 2113e+02 
-5 . 8265e+02 
- 2 . 0813e+03 
3 . 0506e+03 
3 . 1126e+03 
2 . 3937e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

3 . 9549e-01 
-1.6690e+02 
3 . 7286e+02 
-1.5309e+03 
9 . 2491e+02 
1.6019e+03 
2 . 7383e+02 
2 . 2656e+03 
2 . 9876e+03 
3 . 2261e+03 


0 

-6 . 4748e-01 
-9 . 7806 g-03 
0 

6 . 5352e+01 
-1 . 4001e+02 
-7 . 8968e+01 
-2 . 8195e+01 
6 . 0879e+00 
2 . 9867e+01 
-1 . 1838e+01 
5 . 0292e+00 
-1.0126e+02 
1.2702e+02 
1.1150e+02 
-1.4502e+01 
-1 . 2080e+01 
-5 . 2593e+01 
1.5093e+02 
3 . 4856e+02 
-7 . 4531e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

4 . 7392e-03 
1 .4992e-04 
0 

1 . 1726e-02 
-1 .3610e+00 
-6 . 6889e-01 
-2 . 2857e-01 
6 . 7198e-01 
-1 .1129e+00 
-8 . 4242e-01 
-4 . 2391e-01 
5 . 0248e-01 
2 . 1743e+00 
-3 . 6144e-02 
-5 . 6176e-02 
7 . 4863e-01 
-1.4294e+00 
1.3018e+00 
4 . 3892e-01 
5.9945e-01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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0 

0 

0 

0 

-5 . 3967e+00 

0 

0 

-5 . 4493e+01 

0 

0 

2 . 1684e+02 

0 

0 

-5 . 7079e+02 

0 

0 

-6 . 6675e+01 

0 

0 

4 . 2541e+02 

0 

0 

2 . 2883e+02 

0 

0 

-7 . 8010e+01 

0 

0 

1.7989e+03 

0 

0 

-8 . 1832e+01 

0 

Columns 19 through 21 


1.1745e+00 

0 

0 

-9.7098e+00 

-5 . 7291e-01 

8 . 6043e-03 

-7 . 4839e-02 

-1 . 1051e-02 

2 . 0932e-04 

0 

0 

0 

1 . 4906e+03 

1.4335e+01 

6 . 5570e-01 

“6 . 9989e+03 

-1.9132^+02 

-2 . 8576e-01 

-8 . 0365e+03 

-1.9535e+02 

-1.3855e+00 

-2 . 8656e+03 

-7 . 1253e+01 

-4.6108e-01 

3 . 0622e+03 

6 , 3 547e+01 

6 . 6244e-01 

-2 . 4984e+03 

-3 . 8472e+01 

-3 . 4850e-01 

7.1890e+02 

2 . 3546e+01 

1.6708e-01 

-5 . 6733e+00 

6 . 0565e+00 

-1.5176e-01 

-1.1955e+02 

-1.2584e+01 

4 . 6692e-Gl 

8 . 7547e+02 

7 . 5503e+00 

1 . 9811e-01 

3 . 5405e+02 

- 6 . 2431e+00 

“9 . 3328e-02 

1.2123e+02 

4 . 0260e+01 

-*8 . 8277e-01 

-8 . 0219e+01 

1.4753e+01 

4 . 3266e-01 

-1.0293e+03 

5 . 3974e+00 

-8 . 8670e-01 

1.8674e+03 

6 . 6142e+01 

4 . 4658e-01 

3 . 0995e+03 

2 . 5728e+02 

-2 . 4674e-01 

-2 . 6548e+02 

-7 . 8450e+01 

4 . 7595e-01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1.1973e+01 

0 

0 

4 . 8211e+01 

0 

0 

9 . 4618e+01 

0 

0 

5 . 1442e+01 

0 

0 

-4 . 5660e+02 

0 

0 

-2 . 2550e+02 

0 


0 0 
0 -1 . 3196e+01 

0 3 . 0614e+01 

0 1.4709e+02 

0 -7 . 5019e+01 

0 -4 . 3512e+02 

0 -9 . 9051e+01 

0 1.9513e+02 

0 -3 . 7738e+02 

0 3 . 1772e+02 

0 -1.4980e+03 


0 

0 

0 

0 

0 

0 

0 

0 
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o o o 


0 1 . 4187e+02 0 

0 -5 . 8025e+02 0 

0 -1 . 3 681e + 02 0 

0 -1 . 8836e+03 0 


A a = 


Columns 1 through 6 


0 

1 . 0000e+00 

0 

0 

0 

1.0000e+00 

-6 . 8590e+05 

-4 . 1205e+04 

-2 . 8770e+02 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 
Columns 7 through 12 

0 


0 0 

0 0 

0 0 

0 1 . 0000e+00 


0 0 1 . 

-1 . 0648e+06 -5.5244e+04 -3. 

0 0 

0 0 

0 0 

0 0 0 

o 0 0 

0 0 0 

ooo 
ooo 
Ooo 
0 0 0 

Ooo 
o 0 o 

0 0 0 

Ooo 
ooo 


0 

0 

0 

0 

0 

0 

0 

0 

-1 . 0648e+06 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

-5.5245e+04 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

1 . 0000 e +00 
-3 . 3312e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-8 . 0000e+05 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

-4.5656e+04 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 0000 e +00 
-3 . 0280e+02 
0 
0 
0 
0 
0 
0 
0 
0 
0 


Columns 13 through 18 
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OOOOOCMOOO 


0 

0 

0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o' 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

-9 . 2610e+05 

-5 . 033 6e+04 

-3 . 1790e+02 

0 

0 

0 

0 

0 

0 

0 

1.0000e+00 

0 

0 

0 

0 

0 

0 

1 . 0000e+00 

0 

0 

0 

-1.2167e+06 

-6 . 0380e+04 

-3.4830e+02 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Columns 19 through 21 





0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

. 0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

0 

0 




0 

1 .0000e+00 

0 




0 

0 

1 . 0000e+00 




-1.3824e+06 

-6 * 5745e+04 

-3 . 6340e+02 





L 






Columns 1 

through 6 





0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

685900 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1064800 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


274 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Column 7 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1382400 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

1064800 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

800000 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

926100 

0 

0 

0 

0 

0 

0 


1216700 

0 

0 

0 


= 

0 

-4 . 3896e-01 
5 . 6003e-04 
0 

6 . 1206e+01 
-4 . 7001e+01 
-9.3017e+01 
-2.9828e+01 
3 . 6810e+01 
-7 . 3090e+01 
-4.2771e+01 
-2.0382e+01 
-2.1966e+01 
1 . 3646e+02 
2 . 4884e+01 
1 . 6344e+01 
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ooooooooo 


-4 . 6700e+01 
-4 . 2836e+01 
1 . 0402e+01 
-1.6254e+02 
7 . 5942e+01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


-1 . 9145e+00 
1 , 1764e+01 
1 . 4676e+01 
-7.4480e+00 
-4 . 0757e+01 
-2 , 0086e+01 
1 . 0269e+01 
-5 . 3870e+01 
-1.0138e+00 
-2 . 4943e+01 


Ag = 


0 1 . 0000e+00 0 

0 0 1.0000e+00 

-7 . 9999e-03 -2.2361e-01 -1. 3756e+00 


Bg = 

0 

0 

1 . 3787e-02 


eg = 

1.0000e+00 2 . 5638e+01 2.9585e+01 


C<(> = 


Columns 1 through 3 

8. 301178827425707 e- 34 -1 . 628205748844804e-29 1 . 372050144741868e-25 
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-2 . 398928391363306e-33 
1 . 3 42 072 644 02 3 92 4e- 3 3 
3 . 8504327 64857 09 9e-34 
-1.963479938062043e-34 
2.321413566600321e-33 
4.257802949572939e-33 
-2. 267898739006242 e-33 
7.249585328273933e-34 
9.072253334064948e-33 
6. 02865537974704 le-33 
1 . 922605490436470e-32 
-5.870450637124765e-33 
1.040214506043362e-32 
3.348252214624320e-33 
-4. 318617393445473 e-33 
-1.869271183568359e-32 

Columns 4 through 6 

-6. 49384739188479 5e-22 
1.8373 03 892407 005e-21 
-1 . 123 0983 513 348 04e-21 
-3.389160564784808e-22 
1. 24656127345854 6e-22 
-1.521043064722067e-21 
-3 . 0163 8 12 467760 95e-21 
1.945691949230662e-21 
-1.478513 590435617e-21 
-6.221206575217577e-21 
-4. 91712279957541 4e-21 
-1.368982 003807542e-20 
3. 54490250983296 8e-21 
-4.851169714776445e-21 
-3.335837037790087e-21 
3 . 779179903909866e-21 
1. 35271122700422 0e-20 

Columns 7 through 9 

4.231977558046239e-12 
-1.234711312059186e-ll 
8. 42 901845400899 9e-12 
2 . 65091 8 65 4 3 0722 5e- 12 
-4. 96341718255016 0e-13 
7. 39793 68004403 52e-12 
1 . 738080415484061e-ll 
-1 . 41846 6681299844e-ll 
1. 35818400754655 5e-ll 
3.655585861229349e-ll 
2. 52738764 6003 0 8 8e-ll 
7. 446838195795083 e- 11 
-1 . 539951953408894e-ll 
3.149438359462759e-12 
2.843633993115569e-ll 
-2 . 718039707464994e-ll 
-7.429765335428279e-ll 

Columns 10 through 11 


4 . 662240659331708e-29 
-2. 677 490587747102 e- 29 
-7. 813945368338021e-30 
3 .660842849003138e-30 
-4. 339565823294105e-29 
-8.121718645683212e-29 
4 . 575126810693514e-29 
-2.132736930516789e-29 
-1 . 703686978576889e-28 
-1.213630117564197e-28 
-3.678958283513847e-28 
1 . 068456013403474e-28 
-1 . 799464456343366e-28 
-7 . 080201621374685e-29 
8 . 753879778190511e-29 
3 . 590055065528789e-28 


1. 8954710161687 97e- 18 
-5 . 374777001222165e-18 
3. 40801064586032 8e-18 
1 . 044621459178714e-18 
-3. 2107906496108 12e- 19 
4. 071698253438240e-18 
8 . 435403115019250e-18 
-5 . 9 05573 641 85942 le-18 
5 . 195854771890724e-18 
1 . 744625264237110e-17 
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Appendix D 

Estimation of Component Lift Curve Slopes 


This appendix provides a simple least squares estimate for the component lift curve slopes 
needed to implement the structural mode shape (internal terms) and aerodynamic lift curve slope 
parameter variations in Section IV-F. The framework for the estimation is based on linear, first 
order component build-up procedures utilized in preliminary aircraft dynamic analyses. 

Assuming only wing (W), horizontal tail (H), and vane (V) components, the overall 
airframe lift and pitch moment dimensionless derivatives with respect to angle of attack and pitch 
rate, in terms of component geometry and lifting surface characteristics are 


C L„ = ^C L W a + ^C 


j a 


H /-.H 


, °V r V 

L(X s L 
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C T - 9 ^W r W , S H x H r H Sy Xy v 

% 2 5 c CL a~ 2 TT c L a - 2 -^^-C La 

C _£w^W r W , S H X H r H , S V X V r v 

Lm «- S C C La + l""e" CL a + X“e” CL a 

n - X W 2 r W o S H x H 2 r H o S V X V 2 

M q' _ 2 C L a - 2 y7 C L«- 2 T7 C L a 


where 
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Inherent assumptions associated with these equalities include no interference effects, neglection of 
drag terms, small angle assumption, and linear aerodynamic characteristics only. The above 
parameters and variables are defined as 


S - vehicle reference area 

c - vehicle reference chord 

5 k - component reference area (k = W, H, V) 
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x k 


m 


lyy 

V T 


q 

c L . 

C Mj 

Zi 

Mi 


- component lift curve slope (k = W, H, V) 

- body x axis component aerodynamic center location (k = W, H, V) 

- vehicle mass 

- vehicle pitch moment of inertia 

- total velocity 

- dynamic pressure 

- vehicle dimensionless lift stability derivative (i = a, q) 

- vehicle dimensionless pitch stability derivative (i = a, q) 

- vehicle dimensional z axis translational stability derivative (i = w, q) 

- vehicle dimensional y axis rotational stability derivative (i = w, q) 


In the above relationships, all geometric and inertial data and aerodynamic center location 
data are assumed known leaving only the component lift curve slopes as unknown variables to be 
solved for. Since the vane planform is an identically scaled duplicate of the horizontal tail 
planform, the associated lift curve slopes are assumed equal, or 



Also note the C Lq and C Ma equalities suggest these derivatives are related as C Lq = -2C Ma - The 
vehicle numerical data does not adhere precisely to this assumed structure. Therefore, the above 
equalities represent four independent equations in two unknowns. In matrix notation, these 
equalities are expressed as 

S S 

x w o^H x H + ^v x v Uw 

2 T~T " 2 Si Cl « 

S w X W ^H X H + ^V X V 

T" ~ Si L 

S^/ X W 2 SfjXH^+SyXY 2 

Sc 2 Sc 2 

A x = b 

The least squares solution for the unknown lift curve slopes is 

x = (A T A) _1 A T b 

Numerical data necessary for the above solution is listed below. 
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e = 86.02 ft 


\ 


5 = 7,100 ft2 
5 W = 7,100 ft 2 
S H = 700 ft 2 
5 V = 177.5 ft 2 
m = 1 1 ,960 slug 


x sac = 2,280 in 


xH ac = 3298.55 in 


x sac = 400 in 


Iyy = 4.395x1 0 7 slug ft 2 


x scm = 2152.55 in 


V x = 267.95 ft/s q = 85.33 lbf/ft 2 

Z w = - 1.08 ll/s Z q = -17.32 ft/s 

M w = -0.01824 1/ft s M q = -0.08397 1/s 

The variables x s cm and x| ac denote the vehicle mass center and component aerodynamic center 
locations in the structural axes (i.e., x k = x| c = x s cm - xj< ac ). 

With the above outline, the component lift curve slope estimates are 

C7f =5.943 1/rad 
c£ =2.073 1/rad 
cl =2.073 1/rad 


and the accuracy of the least squares solution is given below. 


6.200 


5.720 

1.745 

h — 

2.131 

- 0.8727 

U — 

-4.121 

-0.9837 


-0.4412 
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